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ABSTRACT 

There is a need for real-time biohazard detection in hospitals, water-treatment facilities, bodies of 

water, and food processing facilities to prevent bacterial infections and outbreaks. Detection of small 

concentrations of bacteria requires photodetectors with a large photoresponsivity and fast response time. 

Metal oxide Ultraviolet (UV) photodetectors are a good candidate for this application due to their large 

photoresponsivity compared to other material systems. However, metal oxide photodetectors generally 

have a response time that is too slow for bacterial detection, and it is difficult to predict device 

performance because the oxygen adsorption and photodesorption processes which control the UV 

response are not well understood. 

To aid in the development of metal oxide photodetectors for bacterial fluorescence detection, this 

thesis presents a new model for metal oxide photodetectors. This is accomplished by deriving and solving 

the oxygen adsorption and photodesorption rate equations which control the UV response of these 

devices. This interaction with oxygen molecules is modelled by a variation in the space charge width at 

surfaces, grain boundaries, and necks which in turn provides the surface concentration of electrons 

available for adsorption of oxygen. The model provides the transient photocurrent given the device 

geometry, material parameters, atmospheric environment, and illumination intensity and wavelength. 

From the transient photocurrent, figures of merit such as the photoresponsivity, current on-to-off ratio, 

response time, and signal-to-noise (SNR) ratio are derived. The model is integrated into a Graphical User 

Interface (GUI) in MATLAB to allow for fast design of metal oxide photodetectors. This model enables a 

comparison of the performance of metal oxide photodetectors based on material, geometry, morphology, 

doping, and atmospheric environment. 

This new model sheds light on the operation of metal oxide devices, and it also points to the types 

of devices that will enable remote bacterial fluorescence detection. Based on this model, a novel 

photodetector structure, called a Capacitive Mode photodetector, is proposed. This type of device enables 

ultra-fast response time for very low illumination intensities. A prototype of this device is fabricated and 
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characterized. A ZnO thin film on Silicon thermal oxide with a p+-Si backgate is created. We 

demonstrate the ability to control the oxygen adsorption rate with the backgate, thereby reducing the 

recovery time and enabling detection of very low optical powers. The device is also operated in a novel 

mode, called Capacitive Mode, which decreases the response time from minutes to milliseconds at low 

optical powers. This work opens the door for real time biological detection. Significant future work is still 

required in the form of characterizing some material parameters and implementing novel photodetector 

device designs.
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1. INTRODUCTION 

1.1 Bacterial Fluorescence Detection 

Contamination of medical equipment in hospitals is estimated to result in over 90,000 deaths per 

year and cost hospitals $28 billion to $45 billion in the U.S. alone [1], [2]. Studies of previous breakouts 

of Methicillin-resistant Staphylococcus (MRSA) and Clostridium difficile in a hospital were traced back 

to contamination of a blood pressure cuff [3], [4]. Prevention of these infections would require frequent 

monitoring of all medical equipment and surfaces. Common methods such as polymerase chain reaction 

(PCR) which require samples to be taken is not a viable option for monitoring large areas and surfaces. 

One way of monitoring bacterial growth is by detecting the light emitted from fluorophores present in 

bacteria. For example, the fluorophore tryptophan has an emission peak at 340nm and an excitation 

wavelength at 280nm [5]. Thus, bacterial concentration can be determined by sensing the ultraviolet light 

emitted by tryptophan. Such a system based on this would require a UV photodetector with a high 

photoresponsivity, high on-current to off-current ratio, and high UV to visible rejection ratio, and the 

system would need to detect bacterial concentrations as low as 10 colony-forming units (cfu)/mL ideally 

at a distance of a few meters [6]. Sharma demonstrated that a commercial Si photodetector with a 

responsivity of 0.13A/W was able to detect only 7.81x105 cfu/mL of E. coli at a distance of 1 meter [7]. 

Sharma further estimates that a sample of E. coli with a concentration of 102cfu/mL would emit a 

fluorescent signal on the order of nW/cm2 or less at a distance of 3 meters. For a photodiode to detect 

such a signal it would need to have a dark current of less than 1nA, a photoresponsivity greater than 

103A/W, and a response time less than 1ms. For the photodiode to also differentiate between bacterial 

species, the response time needs to be on the order of 1ns. Currently, commercial GaN, SiC, AlGaN, GaP, 

and Si UV photodetectors do not meet the requirements for such a system as they have low responsivities 

on the order of 0.2A/W near 340nm [7].  
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1.2 Metal Oxide UV Photodetectors 

Metal oxide UV photodetectors have a large photoresponsivity and on-current to off-current ratio 

compared to photodetectors based on other material systems, and they also have a high UV-to-visible 

rejection ratio (UVVRR). This makes them a good candidate for remote bacterial fluorescence detection. 

The photoresponsivity and on-current to off-current ratio has been attributed to the adsorption and 

desorption of oxygen molecules on the metal oxide surface [8], [9]. Oxygen molecules trap free electrons 

at the surface of metal oxides, creating a space charge region (SCR) at the surface. Under illumination, 

the SCR separates electrons and holes and the photogenerated holes recombine with the trapped electrons 

at the surface thereby reducing the size of the SCR. The change in the width of the space-charge region 

under illumination is determined by the initial rate of electrons to the surface in the dark and the rate of 

holes to the surface induced by illumination, and steady-state is achieved when the rate of electrons 

equals the rate of holes to the surface. As will be discussed in this thesis, this photo-detection method can 

result in large photoconductive gains and enable relatively low levels of luminous flux to be detected 

compared to other material systems. 



3 
 

 

Figure 1: Comparison of device performance for various UV photodetectors [10]–[22]. The target for species 
differentiation with fluorescence detection is shown by the star. 

The drawback to metal oxide photodetectors is their slow response time. As shown in Figure 1, 

metal oxide based photodetectors tend to have higher responsivity and higher response times compared to 

commercial photodiode devices. This slow response time is attributed to adsorption process which is self-

limiting in nature.  

1.3 Thesis Overview 

Because the adsorption process controls the photoresponse of metal oxide photodetectors, a 

model describing this process would be advantageous in interpreting photodetector measurements and 

designing photodetectors because it could yield critical insights, allow scientists to model designs before 

fabrication, and direct research to important areas. Previous work has been done to describe the general 

oxygen adsorption and photodesorption process. However, there is not yet a photoconduction model for 
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metal oxide UV photodetectors which predicts important figures of merit such as response time and 

photoresponsivity and accounts for device structure and morphology. Thus, in this thesis, a new metal 

oxide photoconduction model is developed. This model provides a new interpretation for the behavior of 

photogenerated carriers in the SCR, allows closed-form expressions to be derived for photoresponsivity, 

on-current to off-current ratio, and response time, and explains the dependence of device geometry, 

morphology, and material parameters on performance. 

Chapter 2 discusses existing work on metal oxide adsorption and photoconduction models. Issues 

and shortcomings within the models are discussed, and the requirements for a new model are outlined. 

Chapter 3 covers the new model. The exact solutions to the adsorption and photodesorption rate equations 

on a partially and a completely depleted planar surface are derived. Then the rate equations are derived 

for nanowires, quantum dots, and junction devices. Finally, the photocurrent and performance metrics as a 

function of adsorbates are derived and discussed. Chapter 4 translates the adsorption equations from 

Chapter 3 into photodetector performance metrics. New photoconductor performance metrics are derived, 

and the optimal device designs for bacterial fluorescence detection are discussed. Chapter 5 proposes new 

parameter extraction methods for measuring the adsorption rate constant of metal oxide semiconductors. 

Chapter 6 discussed the development of a novel device called a Capacitive Mode photodetector. The 

control of the adsorption rate via a backgate electrode is demonstrated. Chapter 7 presents a solution of 

the adsorption rate equations through the program Sentaurus. Chapter 8 concludes with a discussion of 

future work and the application of the model to other fields. 
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2. EXISTING METAL OXIDE PHOTOCONDUCTION MODELS 

In this section, a review of the current adsorption and photoconduction models are presented. 

These models provide valuable insights and interpretations upon which the new model is built. Each 

section will highlight the important insights while explaining the limitations and shortcomings of the 

model. Not all published models are discussed here, so the models that are discussed have been chosen 

based on the frequency of their usage in other publications and their similarity to the new model. 

Additionally, a model for metal oxide gas sensors without illumination is discussed because it provides an 

insightful perspective on the surface chemistry occurring on metal oxides and is the starting point for the 

new photoconductive model. For a more in-depth review of these models, we refer to the reader to the 

author’s complete review on them [23]. 

2.1 Surface Photovoltage 

Brattain, Bardeen, and Garrett were among the first to examine gaseous adsorbates and defect-

related traps on semiconductor surfaces [24]–[27]. They observed a surface potential which varied with 

illumination on the surface of semiconductors, and thus they called the phenomenon “surface 

photovoltage” (SPV). Germanium was primarily used in these studies. The surface of Germanium 

develops a native oxide in air, and therefore has an energy band diagram as shown in Figure 2. In the 

energy band diagram, trapped charges are present at both the oxide surface and the oxide-semiconductor 

interface. This produces both a potential drop across the oxide, V , and a surface potential at the 

semiconductor surface, V . The charge at the semiconductor-oxide interface is created by carriers trapped 

at defect sites and interface states, whereas the charge on the oxide surface is primarily created by 

adsorbed gas molecules. Brattain determined that under illumination, photo-generated carriers recombine 

with these trapped charges and thus change the surface potential.  
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Figure 2: Energy band diagram for semiconductor with an oxide on the surface (right) and negative trapped charge at the 
oxide-semiconductor interface or the oxide surface. A donor-type surface trap is represented by 𝐄𝐓𝐃, and an acceptor-

type trap is represented by 𝐄𝐓𝐀. Adapted from [23]. 

Metal oxides have a different surface structure to Germanium. They do not have a native oxide in 

ambient conditions. Instead, oxygen acts as an adsorbate directly on the surface of the metal oxide. This 

results in a system with the energy band diagram shown in Figure 3. Oxygen molecules act as acceptor-

type traps with trap energy E . Thus, oxygen adsorption causes a build-up of negative charge on the 

surface and creates a surface potential and depletion region with width W . This surface potential reduces 

the concentration of electrons at the surface, and therefore adsorption is a self-limiting process. 
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Figure 3: Energy band diagram for an n-type metal oxide surface. A. H. Peterson and S. M. Sawyer, “Oxygen adsorption 
and photoconduction models for metal oxide semiconductors: a review,” IEEE Sens. J., vol. 21, no. 15, pp. 16409–16427, 

Aug. 2021, Copyright 2021 IEEE, [23]. 

To mathematically derive the magnitude of the surface potential and depletion width, the 

concentration of trapped electrons must be known. In general, trap occupation at thermal equilibrium can 

be mathematically described via Fermi-Dirac statistics. However, oxygen adsorption on metal oxides has 

been experimentally shown to last for hours or days [8], [28]–[30]; thermal equilibrium of the oxygen 

adsorption process is not a reasonable assumption for most metal oxide systems. Therefore, a transient 

analysis of trap occupation will provide a more accurate description of metal oxide systems. 

2.2 Oxygen Adsorption Kinetics 

In the Adsorption Kinetics model, the transient evolution of oxygen trap occupation can be 

mathematically described by the concentrations of oxygen and electrons at the surface and the probability 

of the oxygen to interact with these carriers. Morrison describes the adsorption kinetics of a molecule 

onto a metal oxide surface by first considering the chemical reactions which occur on the surface [31]. 

The adsorption chemical reaction on the surface at room temperature and atmospheric pressure can be 

described as: 
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1 

𝑒 + 𝑂 → 𝑂  (1) 

Which is the primary reaction considered in most literature and represents a conduction band 

electron binding to an oxygen molecule. The emission of a trapped electron to the conduction band must 

also be considered: 

2 

𝑂 → 𝑒 + 𝑂  (2) 

Through mass action law, the chemical equations (1) and (2) can be written as a rate equation 

[31]: 

3 

𝑑𝑞

𝑑𝑡
= 𝑘 (𝑛 (𝑁 − 𝑞 ) − 𝑛 𝑞 ) (3) 

4 

𝑘 = 𝑣 𝜎 (4) 

where q  is the surface concentration of electrons trapped by the molecule (also referred to as the 

chemically adsorbed concentration), k  is the rate constant (given by the product of the average thermal 

velocity of the electrons, v , and the capture cross-section of the trap, σ), n  is the density of electrons at 

the surface, N  is the concentration of available adsorption sites (also referred to as the physically 

adsorbed concentration), and n  represents the probability of thermal emission of a trapped electron to the 

conduction band.  Thus Eqn. 3 describes the rate of adsorption by the probability of the capture of free 

surface electron by an available trap. Morrison writes the surface electron concentration in terms of the 

bulk electron concentration, n , through Boltzmann statistics: 

5 

𝑛 = 𝑛 𝑒  (5) 

where q is the elementary charge, k is Boltzmann’s constant, and T is temperature. Likewise, the emission 

constant is given by 

6 

𝑛 = 𝑁 𝑒  (6) 
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where E  is the conduction band energy at the surface, and E  is the trap level as shown in Figure 3. 

Similarly, expressions for the rate of capture and emission of holes in the trap is given by: 

7 

𝑑𝑝

𝑑𝑡
= 𝑘 (𝑝 𝑞 − 𝑝 𝑝 ) (7) 

8 

𝑝 = 𝑝 𝑒  (8) 

9 

𝑝 = 𝑁 e  (9) 

However, these equations are generally not considered since the hole concentrations in metal 

oxide semiconductors tend to be negligibly small. 

The surface potential can be written in terms of the adsorbed concentration via the depletion 

approximation: 

10 

𝑉 = −
𝑞𝑛 𝑊

2𝜖
 (10) 

where W  is the depletion width. The depletion width can be written in terms of the adsorbed 

concentration through charge neutrality, that is, the number of trapped electrons is equal to the number of 

exposed donors in the depletion width: 

11 

𝑊 =
𝑞

𝑛
 (11) 

To simplify (7), Morrison assumes that the physically adsorbed concentration is much larger than the 

chemically adsorbed concentration and that thermal desorption is small compared to adsorption. 

Combining (7), (10), and (11) and including these assumptions yields the adsorption rate equation: 

12 

𝑑𝑞

𝑑𝑡
= 𝑘 𝑁 𝑛 𝑒

 
 (12) 
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To simplify the solution of (12), a truncated Taylor series expansion of the surface potential is often used 

[8], [29], [31]–[34]. The Taylor series expansion of V  with respect to q  about some concentration q  is: 

13 

𝑉 = 𝑉 − (𝑞 − 𝑞 )
2𝑞𝑞

2𝑛 𝜖
− (𝑞 − 𝑞 )

𝑞

2𝑛 𝜖
 (13) 

where V  is the potential for q = q , and q  can be arbitrarily chosen. Equation (13) is truncated to 

yield: 

14 

𝑉 ≈ 𝑉 − (𝑞 − 𝑞 )
2𝑞𝑞

2𝑛 𝜖
 (14) 

Substituting (14) into (12) yields the Elovich rate equation or Elovich kinetics equation: 

15 

𝑑𝑞

𝑑𝑡
= 𝑘 𝑁 𝑛 𝑒

( )
 (15) 

This equation is usually simplified to the form: 

16 

𝑑𝑞

𝑑𝑡
= 𝑎𝑒  (16) 

17 

𝑎 = 𝑘 𝑁 𝑛 𝑒  (17) 

18 

𝛽 =
𝑞 𝑞

𝑘𝑇𝑛 𝜖
 (18) 

Equation (16) has time domain solution: 

19 

𝑞 (𝑡) =
1

𝛽
ln 𝑒 ( ) + 𝛽𝑎𝑡  (19) 

The rate equations presented in this section align well with many experimental measurements of 

metal oxide photoconductive decays. The adsorption rate equation predicts that at the onset of adsorption, 

oxygen will rapidly chemisorb on the surface. This will establish a potential barrier which will limit 

further adsorption of oxygen, and therefore the rate of adsorption will continually decrease. In 
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photoconductive decays, this presents as a rapid decrease in current followed by a slow decrease in 

current [9], [11], [28], [35]. Additionally, the rate equation shows a dependence of the adsorption rate on 

temperature and oxygen pressure through the term N . An increase in either temperature or oxygen 

pressure will increase the adsorption rate which is consistent with experimental measurements [8], [32], 

[36]–[38]. The Elovich kinetics have been successfully used to describe current transients in metal oxides, 

however because they are dependent on a Taylor series expansion, they are only valid for small changes 

in current. 

2.3 Oxygen Photodesorption Kinetics 

 

Figure 4: Energy band diagrams for illuminated metal oxide surface. (a) Surface recombination: photogenerated carriers 
are separated by the surface potential, (b) Surface excitation: trapped electrons absorb photons and are excited to the 

conduction band. 

The photodesorption of oxygen molecules from the surface of metal oxides occurs by two 

possible processes: surface excitation and surface recombination. In surface recombination, a 

photogenerated electron-hole pair created in the depletion width or a diffusion length away from the 

depletion width will be separated by the electric field. Holes will move to the surface where they 

recombine with electrons trapped by oxygen. This process is represented by the chemical equation: 

20 

𝑂 + ℎ → 𝑂  (20) 
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This process is shown in Figure 4(a). In surface excitation, the photons are absorbed by the trapped 

surface electrons and excited directly to the conduction band. This process is shown in Figure 4(b). When 

trapped electrons are removed from the surface by either process, the surface charge is reduced thereby 

reducing the magnitude of the surface potential and the depletion width. 

 Morrison describes bulk recombination as a change in the rate of holes to the surface [31]. 

Assuming that photogenerated holes are the dominant form of holes to the surface, (7) can be written as: 

21 

𝑑𝑝

𝑑𝑡
= 𝛾𝐼  (21) 

where γ is a constant and I  is the illumination intensity. Illumination can also have the effect of 

increasing the bulk concentration of electrons which may lead to photoadsorption. Medved and Morrison 

model this effect by modifying (12) to include a photogenerated electron term: 

22 

𝑑𝑞

𝑑𝑡
= 𝑘 (𝑛 + Δ𝑛)𝑁 𝑒  (22) 

Medved incorporates (21) into (22) to create a photodesorption rate equation [32]: 

23 

𝑑𝑞

𝑑𝑡
= 𝑘 𝑁 (𝑛 + Δ𝑛 )𝑒 − 𝛾𝐼  (23) 

For sufficiently small illumination Δn ≪ n , and only photodesorption needs to be considered. In this 

case, oxygen molecules will continue to desorb until the rate of electrons and holes to the surface are 

equal. The equation then becomes: 

24 

𝑑𝑞

𝑑𝑡
= 𝑘 𝑁 𝑛 𝑒 − 𝛾𝐼  (24) 

The steady state potential is calculated by setting the adsorption rate equal to the desorption rate: 

25 

𝑉 , =
𝑘𝑇

𝑞
ln

𝛾𝐼

𝑘 𝑛 𝑁
 (25) 
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Equation (25) is often written in terms of the SPV. The SPV is defined as the change in the surface 

potential from a reference surface potential: 

26 

𝑆𝑃𝑉 = 𝑉 − 𝑉 ,  (26) 

where V ,  is the reference potential, usually defined as the potential in the dark. Experimental 

measurements of the SPV versus illumination demonstrate a mathematical form given by: 

27 

𝑆𝑃𝑉 = 𝜂
𝑘𝑇

𝑞
ln(𝐾𝐼) (27) 

where η and K are fitting parameters. As will be shown later in this thesis, η represents a deviation from 

(25) and generally has value between 1 and 2 [39], [40]. 

 The qualitative behavior of these photodesorption equations is consistent with experimental 

studies of photocurrent in metal oxides. Equation (24) predicts for γI ≫ k N n exp (qV /kT), there 

will be a linear decrease in the adsorbed concentration over time until the system approaches steady-state. 

Additionally, under these conditions, an increase in I  will increase the rate of desorption. Both 

phenomena can be seen in phototransients of metal oxide photodetectors [41]–[44]. Note that the 

photocurrent is inversely proportional to the adsorbed concentration, as will be discussed in Section 3.11. 

Equation (24) indicates that there is a minimum detectable illumination intensity. For γI <

k N n exp (qV /kT), the rate of holes will be less than the rate of electrons to the surface and 

adsorption will continue to occur. In literature about the SPV, this is called the “null-regime” [45], and 

can be seen in many experimental measurements [9], [46], [47].  



14 
 

 

Figure 5: Experimental results of porous ZnO sample with different illumination histories. Reprinted with permission 
from D. A. Melnick, “Zinc oxide photoconduction, an oxygen adsorption process,” J. Chem. Phys., vol. 26, no. 5, pp. 1136–

1146, May 1957, Copyright 1957 AIP, [8]. 

 The photoresponse of porous metal oxides differ somewhat from these equations. One of the 

earliest models on photoconduction in metal oxide semiconductors was published by Melnick [8]. This 

work examines porous sintered ZnO samples and attempts to account for the nonlinear behavior observed 

in their photoconductance transients which cannot be describe by monomolecular, bimolecular, or higher 

order models. His experimental results are shown in Figure 5. These plots show the photoconduction of 

the ZnO samples under different illumination intensities and times, and they reveal that the 

photoconductance is a function of illumination intensity and duration. That is, the conduction decay 

transient is not a function of the conduction itself: 

28 

𝑑𝐺

𝑑𝑡
≠ −𝑓(𝐺) (28) 

where G is the conductance. This is clearly seen in Figure 5 where three decay transients for the same 

sample with different prior illuminations all pass through the same point, but they have different 

transients for times after that point. The same is true of the rise transient shown in Figure 5. From these 

experiments he concludes that the observed photoconduction transient is a summation of multiple 
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independent local conductance values with different time constants. That is, due to the porous nature of 

the sample, there are multiple parallel surfaces which all adsorb oxygen. Under illumination, they each 

experience different illumination intensities and therefore different photodesorption rates and steady-

states. Thus, this can be modeled as several independent Elovich kinetics transients in parallel.  

 The second form of photodesorption is surface excitation of trapped electrons. Here, trapped 

electrons at the surface are resonantly excited to the conduction band. The desorption rate then has the 

form [48]: 

29 

𝑅∗ = 𝜎 𝑞 Φ  (29) 

where σ  is the optical capture cross-section of electrons at the surface, and Φ  is the light flux. This 

type of photodesorption also reduces the surface charge and therefore also reduces the surface potential 

and depletion width at the metal oxide surface. 

2.4 Photoconduction 

The current in metal oxide semiconductors is modulated by the width of the depletion region at 

the surface. As oxygen molecules adsorb and increase the width of the depletion region, the current 

decreases. Under illumination, oxygen molecules desorb, and the depletion width decreases the current 

increases resulting in a photocurrent. The current can be related to the adsorbed concentration through 

(11). In planar devices, the depletion width is directly proportional to the adsorbed concentration. For a 

rectangular sample with thickness W, conductivity σ, applied voltage V, length l, depth d, and depletion 

width W  has current: 

30 

𝐼 =
𝑉𝜎𝑑

𝑙
(𝑊 − 𝑊 ) (30) 

Equation 30 only describes the current based on depletion width changes. If photogenerated carriers are 

generated in the bulk away from the surface, then the bulk photocurrent must be incorporated into (30) as 

a change in the sample conductivity. 
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Figure 6: Metal oxide quantum dots (blue) with oxygen adsorbates (white) creating spherical depletion widths 
represented by dashed lines. These depletion widths create barriers in the direction of current flow. A qualitative energy 

band diagram is shown as well. 

 

Figure 7: (a) Sample with porous geometry and edge of the depletion region indicated by dashed lines. Current flows 
across necks; (b) Energy band diagram of neck cross-section; solid lines indicate a partially depleted neck, and dashed 

lines depict the energy band diagram after complete depletion. Current flows into the page. 

In the case of porous samples, nanostructured materials, or polycrystalline materials the depletion 

width may develop parallel to the flow of current. Such a scenario is shown in Figure 6 where potential 

barriers are developed between the interfaces of metal oxide quantum dots. In porous materials, the 

depletion width may also develop on multiple surfaces surrounding the current flow as depicted in Figure 
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7. In these cases, the current must be described using the equations for diffusion and thermionic emission 

over a barrier [49]. Depletion across necks or grains will present barriers to conduction. Depending on the 

size of the neck relative to the Debye length of the material, different equations should be used to 

calculate the current. In the case where the depletion width is on the order of or less than the Debye 

length, electrons travel across the barrier either by thermionic emission or diffusion. For diffusion, the 

conductance across the barrier can be written as: 

31 

𝐺 =
𝐴∗𝑞 𝜇

𝑘𝑇

2𝑛 |𝑉 |

𝜖
exp −

𝑞|𝑉 |

𝜂∗𝑘𝑇
 (31) 

where A∗ is the effective area, and η∗ is the ideality factor of the barrier [49]. The conductance for a 

barrier dominated by thermionic emission can be written as [49]: 

32 

𝐺 =
𝐴∗𝑞 𝑛 𝑣

4𝑘𝑇
exp −

𝑞|𝑉 |

𝑘𝑇
 (32) 

2.5 Carrier Lifetime Models 

 In addition to the physical models presented in the prior sections, several phenomenological 

models have been developed to model the metal oxide photoresponse. The most common of these is the 

bi-exponential model [9], [11], [35], [50]–[53]. This model assumes that the fast initial decay of the 

photocurrent in metal oxide devices is caused by bulk recombination with time constant τ  and that the 

slow decay is caused by adsorption with time constant τ . It assumes that adsorption has an exponential 

decay and can therefore be characterized through a single time constant, τ . The photocurrent is then 

written as: 

33 

𝐼 = 𝑎 𝑒 + 𝑎 𝑒  (33) 

This model has been used to fit to individual photocurrent decay transients, but it is not successful at 

predicting any other transient but the one to which it is fit. The adsorption kinetics models demonstrate 
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that adsorption cannot be characterized by exponential functions, and therefore (33) is a poor model for 

metal oxide semiconductors whose photoresponse is dominated by adsorption. 

2.6 Conclusions 

 The oxygen adsorption and photodesorption models outlined in Sections 2.1-2.4 are consistent 

with many experimental results. These models predict key qualitative features of the photocurrent 

transient: the linear rise in photocurrent under illumination and the rapid decay followed by slow decay of 

the photocurrent. They can also account for the effect of oxygen pressure and temperature, the presence of 

a minimum detectable illumination intensity below which the surface potential will not respond, and the 

effect of porous structures on the form of the photocurrent. Some performance metrics can be calculated 

from these equations. The steady-state photocurrent for a given illumination can be calculated from (25). 

The time domain form of the photocurrent decay can be approximately represented by the Elovich 

Kinetics, allowing for analysis of the response time. 

 However, these models have many limitations. The Elovich kinetics equations is only valid for a 

small change in q . As shown in [23], the Elovich kinetics rate of adsorption can be related to the actual 

rate of adsorption by: 

34 

𝑑𝑞 ,

𝑑𝑡
│

,
= exp

𝑞 𝛥𝑞 ,

2𝑘𝑇𝜖 𝑛

𝑑𝑞

𝑑𝑡
 (34) 

35 

Δ𝑞 , = 𝑞 − 𝑞  (35) 

where q ,  is the adsorbed concentration as calculated by Elovich kinetics in (12), q  is the actual 

adsorbed concentration in (16), and Δq ,  is the difference between the adsorbed concentration and the 

Taylor series expansion point. Equation (34) shows that the Elovich Kinetics rate deviates from the actual 

rate by a factor proportional to exp Δq , , which can become quite large for even small deviations. 

Therefore, Elovich kinetics cannot be applied to photodetectors in which there are significant changes in 
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q . As will be discussed later, the change in q  is determined by material parameters and illumination 

intensity. Thus, for many devices, Elovich kinetics does not apply. 

 These models can only be applied to planar devices; they do not apply to structures with curved 

surfaces such as nanowires, quantum dots, or other nanostructures. Additionally, they cannot be applied to 

systems in which the depletion width may cross a junction created either by dissimilar materials or by a 

difference in doping. Finally, the effect of additional adsorbates such as water are not considered. These 

considerations are important for predicting the performance of novel devices. The next section of this 

thesis will further develop these models to overcome these limitations. 
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3. METAL OXIDE PHOTOCONDUCTION MODEL 

3.1 Introduction 

 The models presented in chapter 2 only apply for thick, planar devices, for small changes in 𝑞 , 

and an exact time-domain form of the adsorption transient is not available. This makes analysis of high-

gain and non-planar devices impossible. In this chapter we will expand on the metal oxide adsorption and 

photodesorption models presented in chapter 2. Here we derive new adsorption and photodesorption 

equations for modern photodetector structures such as thin films, nanowires, and heterojunctions. We will 

also discuss the effect of non-oxygen adsorbates on the photoresponse. Finally, we will discuss how to 

calculate the current of a photodetector from the adsorbed concentration. 

3.2 Planar Adsorption 

Here we explore the simplest case of adsorption kinetics on a thick, planar surface. This case shows the 

adsorbed concentration over time under the following assumptions: 

1. The molecular trap level is close to the middle of the bandgap: E ~E  

2. The bulk hole concentration is much smaller than the bulk electron concentration: p ≪ n  

3. The physically adsorbed concentration is constant and much larger than the chemisorbed 

concentration: N ≫ q   and N  is constant. 

4. Thermal desorption is negligible: n N ≫ n q  

5. The material is much thicker than the depletion width: W ≫ W  

This case is generally applicable to initial adsorption on the surface or photocurrent decays. Under these 

conditions, the general adsorption equation given by (12) is used. To solve for the time-domain solution 

of (12), we first rewrite it in a simplified form: 

36 

𝑑𝑞

𝑑𝑡
= 𝑐 𝑒  (36) 

37 
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𝑐 = 𝑘 𝑁 𝑛  (37) 

38 

𝑐 =
𝑞

2𝑘𝑇𝜖 𝑛
 (38) 

Then we can rearrange the equation to take the integral: 

39 

𝑒
( )

( )

𝑑𝑞 = 𝑐 𝑑𝑡 (39) 

Then we make the substitution: 

40 

𝑧 = 𝑐 𝑞  (40) 

41 

𝑑𝑧 = 𝑐 𝑑𝑞  (41) 

42 

1

√𝑐
𝑒

( )

( )

𝑑𝑞 = 𝑐 𝑑𝑡 (42) 

43 

√𝜋

2√𝑐
𝑒𝑟𝑓𝑖 𝑧(𝑡) − 𝑒𝑟𝑓𝑖 𝑧(0) = 𝑐 𝑡 (43) 

44 

𝑞 (𝑡) =
1

√𝑐
𝑒𝑟𝑓𝑖

2√𝑐

√𝜋
𝑐 𝑡 + 𝑒𝑟𝑓𝑖 𝑐 𝑞 (0)  (44) 

where q (0) is the initial condition, erfi is the imaginary error function, and erfi-1 is the imaginary inverse 

error function. To the author’s knowledge, no program seems to provide the inverse imaginary error 

function, but the imaginary error function is available in MATLAB. Equation (44) can be written in terms 

of the imaginary error function: 

45 

𝑡 =
√𝜋

2√𝑐 𝑐
𝑒𝑟𝑓𝑖 𝑐 𝑞 − 𝑒𝑟𝑓𝑖 𝑐 𝑞 (0)  (45) 
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Because (45) is a function of adsorbed concentration instead of time, sometimes it may be more 

convenient to solve (12) through numerical integration methods in order to specify the final time. For 

numerical stability and accuracy, it is better to solve the rate equation in its dimensionless form: 

46 

𝑑𝑄

𝑑𝜏
= exp(−𝑏𝑄 ) (46) 

47 

𝑄 =
𝑞

𝑁
 (47) 

48 

𝜏 =
𝑡

𝑘 𝑛
 (48) 

49 

𝑏 =
𝑞 𝑁

2𝑘𝑇𝜖 𝑛
 (49) 

 Figure 8 shows an example plot of adsorption kinetics using (45) and (46) and q (0) = 0, b = 1. 

The MATLAB built-in ordinary differential equation (ODE) solver ode15s is used to solve for q (t). The 

calculated values from the ode solver are used in the calculation of the corresponding time values in (45). 

 
Figure 8: Adsorption rate equation solution for 𝐪𝐜(𝟎) = 𝟎, 𝐛 = 𝟏. Solid black line is solution for (46) using MATLAB’s 

built-in solver ode15s, and dotted blue line is exact solution using the dimensionless form of (45). 
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The transients in Figure 8 show the sharp initial rise in adsorbed concentration followed by a slow 

rise that is characteristic of metal oxide photoconductive decays. The numerical solution and the exact 

solution align closely. It is difficult to assess the error between the two because q  is not calculated in 

(45).  

The adsorption kinetics for a typical ZnO sample with parameters given in Table 1 is shown in 

Figure 9 (a). The adsorption transient again shows the rapid rise followed by the slow rise. With the exact 

solution to the adsorption rate equation, we can assess the accuracy of the Elovich kinetics equation for a 

typical sample. Figure 9 (b) shows Elovich kinetics transients for three different Taylor series expansion 

points. The plots show that each of the three Elovich kinetics transients quickly diverges from the exact 

solution as they move away from the Taylor series expansion point. 

Table 1: Material parameters for adsorption calculations shown in Figure 9. 

𝒌𝒏 (𝒄𝒎𝟑/𝒔) 𝑵𝑻 (𝒄𝒎 𝟐) 𝒏𝒃 (𝒄𝒎 𝟑) 𝝐𝒔 (𝑭/𝒄𝒎) 

1 × 10  1 × 10  1 × 10  7.434 × 10  

 

 
Figure 9: (a) Adsorption transient calculated with (45) with material parameters shown in Table 1; (b) the same transient 
from (a) compared to Elovich Kinetics at Taylor Series expansion points 𝐪𝐜𝟎 = 𝟏 × 𝟏𝟎𝟏𝟏, 𝟑 × 𝟏𝟎𝟏𝟏, and 𝟕 × 𝟏𝟎𝟏𝟏 𝐜𝐦 𝟐. 
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The error in the Elovich kinetics equation can be evaluated exactly by the difference between the exact 

solution and the Elovich kinetics time domain solution: 

50 

𝑞 , =
√

𝑒𝑟𝑓𝑖 √

√
𝑐 𝑡 + 𝑒𝑟𝑓𝑖 √𝑐 𝑞 (0) − ln 𝑒 ( ) + 𝛽𝑎𝑡  (50)

However, without access to erfi-1, (50) cannot be solved. A more useful way of examining the error may 

be to calculate the error in the rate of adsorption as in (34). From [23], the rate of adsorption as calculated 

by Elovich Kinetics can be related to the actual rate by: 

51 

𝑑𝑞 ,

𝑑𝑡
= 𝐴

𝑑𝑞

𝑑𝑡
 (51) 

52 

𝐴 = exp
𝑞 𝛥𝑞 ,

2𝑘𝑇𝜖 𝑛
 (52) 

53 

Δ𝑞 , = 𝑞 − 𝑞  (53) 

where q ,  is the adsorbed concentration as calculated from Elovich kinetics. From (51) we can see that 

(1) Elovich kinetics always overestimates the adsorbed concentration, and (2) the difference between the 

rates increases exponentially as the adsorbed concentration changes from the Taylor series expansion 

point. We define the point at which the Elovich kinetics begin to diverge from the exact solution as value 

of Δq ,  for which the Elovich kinetics rate is 10% greater than the actual rate: 

54 

Δ𝑞 , % =
2𝑘𝑇𝜖 𝑛

𝑞
ln(1.1) (54) 

For the material parameters given in Table 1, Δq , % = 4.78 × 10 cm . This means that the Elovich 

kinetics equation will begin to deviate from the exact solution significantly when the difference between 

the adsorbed concentration and the Taylor series expansion point is greater than 4.78 × 10 cm . Figure 

10 (a) shows a plot of the A vs Δq ,  for n = 1 × 10 cm . It shows that A begins to increase rapidly 

after Δq , = 4.78 × 10 cm . Figure 10 (b) shows the percent error between the exact adsorbed 
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concentration and that calculated by Elovich kinetics for q = 1 × 10 cm  in Figure 9. The error is 

given by 

55 

𝑒𝑟𝑟𝑜𝑟 =
𝑞 , − 𝑞

𝑞
× 100% (55) 

The plot shows that the error starts to increase significantly after Δq , = 4.78 × 10 cm . 

 
Figure 10: (a) Multiplying factor between Elovich kinetics rate and exact rate as given by (51) for 𝐧𝐛 = 𝟏 × 𝟏𝟎𝟏𝟕𝐜𝐦 𝟑; 

(b) Percent error between exact adsorbed concentration and that calculated by Elovich kinetics for 𝐪𝐜𝟎 = 𝟏 × 𝟏𝟎𝟏𝟏𝐜𝐦 𝟐 
in Figure 9 (b). 

 
Finally, although (51) seems to imply that the error will be smaller for larger n , this is not the case. For 

larger n , the adsorption rate will increase and therefore will lead to larger adsorbed concentrations. 

Therefore Δq , % will not increase significantly relative to the adsorbed concentration. 

3.3 Steady-State 

Steady-state occurs when the desorption rate becomes equal to the adsorption rate. Desorption 

can happen in two ways. A trapped electron can be thermally excited into the conduction band, or a hole 

can recombine with the trapped electron. So far, we have only considered the case where electron 

emission from the trap to the conduction band, called thermal desorption, is negligible. For sufficiently 

large q , we must consider electron emission from the adsorbed oxygen to the conduction band: 
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56 

𝑑𝑞

𝑑𝑡
= 𝑘 𝑁 𝑛 exp

𝑞𝑉

𝑘𝑇
− 𝑞 𝑁 exp −

𝐸 − 𝐸

𝑘𝑇
 (56) 

This has steady-state: 

57 

𝑞 , =
𝑊

2𝑏𝑑
𝑐

2𝑏
 (57)

 

58 

𝑏 = 𝑁 𝑛  (58) 

59 

𝑐 =
𝑞

2𝑘𝑇𝜖 𝑛
 (59) 

60 

𝑑 = 𝑁 exp −
𝐸 − 𝐸

𝑘𝑇
 (60) 

where W is the Lambert-W function. The steady-state value depends strongly on the position of the trap-

level. In ZnO, the oxygen trap is approximately 0.9eV below the conduction band (E − E ≈ 0.9eV) 

[54], [55], and N = 1.76E17cm  [23]. For the material parameters given in Table 1, the steady-state 

value is q = 9.96 × 10 cm . Applying (45), it would take 9.48 × 10 s for the system to reach 

steady-state from an initial value of q = 0. Because the oxygen trap tends to be far below the conduction 

band in metal oxides, steady-state takes a very long time to reach and thermal desorption can be ignored. 

A similar derivation can be made for bulk hole recombination with traps. Under sufficient band-

bending, holes will recombine with captured electrons in the trap to limit adsorbed concentration: 

61 

𝑑𝑞

𝑑𝑡
= 𝑘 𝑁 𝑛 exp

𝑞𝑉

𝑘𝑇
− 𝑘 𝑞 𝑝 exp −

𝑞𝑉

𝑘𝑇
 (61) 

62 

𝑞 , =
ln(𝑒/𝑓)

−2𝑐
 (62) 

63 

𝑒 = 𝑘 𝑝  (63) 
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64 

𝑓 = 𝑘 𝑁 𝑛  (64) 

Metal oxides generally have small hole concentrations due to their wide bandgaps, so bulk hole 

recombination can be ignored. 

3.4 Illumination Kinetics 

Under illumination, photogenerated holes recombine with trapped electrons at the surface and 

reduce the surface potential. This process is shown in Figure 11. In Figure 11(a), a photon creates an 

electron-hole pair in the depletion region with initial width W , . The electric field separates the electron-

hole pair, pulling the hole to the surface and the electron to the bulk. The hole recombines with a trapped 

electron at the surface, leaving the photogenerated electron unpaired, as shown in Figure 11 (b). This 

causes a reduction in the depletion width and surface potential. The reduction in surface potential 

increases the rate of adsorption, R . The reduction in surface potential will continue until the rate of 

adsorption is equal to the rate of desorption, R , which is equal to the rate of photogenerated holes to 

the surface. This steady-state is shown in Figure 11(c) where the rate of adsorption, R , , is equal to 

the rate of desorption. Under illumination, the unpaired electrons contribute to the photocurrent. Once 

illumination is removed, the photogenerated electrons will become trapped again through adsorption and 

the depletion width will change from its illumination value, W , , to its initial value, W , . 
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Figure 11: Metal-oxide photoconduction process: (a) Illumination creates electron-hole pair in a system with initial 
adsorption rate 𝐑𝐚𝐝𝐬,𝟎, depletion width 𝐖𝐃,𝟎, and adsorbed concentration 𝐪𝐜,𝟎; (b) hole recombines with trapped electron 
bound by oxygen on the surface, changing the depletion width to 𝐖𝐃,𝐋 and the adsorption rate to 𝐑𝐚𝐝𝐬,𝐋; photogenerated 

electron resides in the neutral region of the bulk; (c) Illuminated steady-state is reached for 𝐑𝐚𝐝𝐬,𝐒𝐒 = 𝐑𝐝𝐞𝐬; (d) after 
illumination is removed, electrons are recaptured by oxygen.  

 Generally, in photoconductors, photogenerated carriers are excess carriers which change the bulk 

concentration of carriers. However, the photogenerated electrons whose hole pair has recombined at the 

surface will act as bulk electrons rather than excess carriers. Intuitively, this can be verified by seeing that 

the desorption process is the reverse of the adsorption process; trapped electrons are effectively released 

to the bulk under illumination. Such a process would create no excess carriers. Mathematically we can 

verify this by showing that the charge required to change the depletion width due to illumination is 

exactly equal to the charge created by the photogenerated electrons. The change in chemisorbed 

concentration due to recombination of holes is given by: 

65 

Δ𝑞 = 𝑊 , 𝑝 = 𝑊 , 𝑛  (65) 



29 
 

where p  and n  are the photogenerated hole and electron concentrations. The change in depletion width 

is then: 

66 

Δ𝑊 =
Δ𝑞

𝑁
=

𝑊 , 𝑛

𝑁
 (66) 

The change in charge corresponding to this change in depletion width is: 

67 

Δ𝑄 = 𝑞𝑁 Δ𝑊 𝐴 = 𝑞𝑊 , 𝑛 𝐴  (67) 

where A  is the device area. This change in charge is equal to the total photogenerated electron charge: 

68 

𝑄 = 𝑞𝑛 𝑊 , 𝐴  (68) 

Thus, the electron charge created by illumination, Q , is equal to the change in charge induced by the 

change in depletion width, ΔQ; all photogenerated electrons create a neutral region in the width ΔW . 

They are in equilibrium (Δn = 0 in this region) thus no recombination with holes in the bulk occurs. 

Instead, their lifetime is determined entirely by adsorption kinetics.  

 All photogenerated carriers created in the depletion width and a diffusion width away from the 

edge of the depletion width will have this type of response. If carriers are generated outside of this region, 

excess bulk carriers will be generated. These will increase the bulk carrier concentration but will not 

affect surface since they will recombine before diffusing into the depletion region. Therefore, bulk 

generation does not act to increase n  in the adsorption rate equation. 

 In the case where photogenerated pairs are generated close to the surface and are not separated, 

the photogenerated electrons may be trapped by oxygen at the surface. This is referred to as 

photoadsorption and its effect is generally included in the Δn  term. However, for a negative surface 

potential, the unpaired photogenerated hole will remain close to the trapped photogenerated hole and 

screen its charge and quickly recombine with it. Therefore, photoadsorbed electrons will have no effect 

on the potential other than to degrade the internal quantum efficiency of the device.  
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Based on these arguments for the behavior of photogenerated carriers in the depletion region and 

bulk, the excess carrier concentration term in (12) is assumed to be zero. Bulk generation is considered to 

occur parallel to photodesorption, and therefore it does not need to be considered in the photodesorption 

equation. To incorporate this photogeneration process into the adsorption process, a generation term is 

added to (12). Here we assume front-side illumination: 

69 

𝑑𝑞

𝑑𝑡
= 𝑘 𝑁 𝑛 exp

𝑞𝑉

𝑘𝑇
− 𝐺 (𝑥) 𝑑𝑥 (69) 

70 

𝐿 = 𝜇
𝑘𝑇

𝑞
 𝜏  (70) 

71 

𝐺 (𝑥) = 𝐺 (0)𝑒  (71) 

where L  is the hole diffusion length, μ  is the hole mobility, τ  is the hole lifetime, G  is the carrier 

generation rate, G (0) is the generation rate at the surface, and α is the absorption coefficient. The 

depletion width can be expressed in terms of the adsorbed concentration through (11). Evaluating the 

integral and simplifying yields: 

72 

𝑑𝑞

𝑑𝑡
= 𝑘 𝑁 𝑛 exp

𝑞𝑉

𝑘𝑇
−

𝐺 (0)

𝛼
1 − exp −𝛼

𝑞

𝑛
+ 𝐿 (72) 

To the author’s knowledge, this equation is not soluble. It can, however, be solved numerically. To 

improve the accuracy of the numerical solution, we rearrange (72) into a dimensionless form: 

73 

𝑑𝑄

𝑑𝑇
= exp(−𝑏𝑄 ) − Γ + Γ exp(−𝐵𝑄 − 𝐶) (73) 

74 

Γ =
𝐺 (0)

𝑘 𝑁 𝑛 𝛼
 (74) 

75 

𝐵 =
𝛼𝑁

𝑛
 (75) 
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76 

𝐶 = 𝛼𝐿  (76) 

For sufficiently large depletion widths (both initial and final), the majority of the photogenerated 

electrons and holes occur within the depletion width, and we can ignore the third term: 

77 

𝑑𝑄

𝑑𝑇
= exp(−𝑏𝑄 ) − Γ (77) 

This equation has steady state: 

78 

𝑄 , =
ln(Γ)

−𝑏
 (78) 

A typical ZnO sample has an absorption coefficient on the order of 1 × 10 cm  for 365nm light [56], a 

hole mobility of 0.5 − 25cm /Vs [57], and a recombination lifetime of τ = 1μs. The hole diffusion 

length for a sample with μ = 0.5cm /Vs  would be L = 8μm, and the exponential factor in (73) would 

be exp −αL = 1.8 × 10 . This is sufficiently small to assume all photogenerated holes reach the 

surface. Ignoring the carriers swept up in the diffusion length, for a sample with α = 1 × 10 cm  a 10% 

difference in the illumination term will occur for W = 230nm. 

 Note that (69) assumes that the photogenerated holes are swept to the surface relatively quickly. 

While this is true for holes generated within the depletion width, it may not be true for holes diffusing 

from the bulk to the surface. The time it takes for the bulk holes to reach the surface depends on their 

mobility and their distance from the edge of the depletion width. For some systems, (69) may need to be 

modified to account for the delay in the bulk photogenerated holes. 

 To account for surface excitation, we can include the term in (69). When surface excitation is 

included, we need to adjust G (x) to account for the reduction in incident photons on the bulk. Thus, (69) 

can be rewritten as: 

79 
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𝑑𝑞

𝑑𝑡
= 𝑘 𝑁 𝑛 𝑒 − 𝐺 (𝑥) 𝑑𝑥 − 𝜎 𝑞 Φ  (79) 

80 

𝐺 (𝑥) = 𝛼 1 − 𝜎 𝑞 Φ ℎ𝜈𝑒  (80) 

where G  is the adjusted generation term, h is Planck’s constant, and ν is the frequency of the light. 

Although the optical capture cross-section has not yet been measured for most metal oxides, it is likely 

that devices with a high UV-Vis rejection ratio have a negligibly small capture cross-section. Any 

wavelength with energy above E − E  can excite the trapped electron to the conduction band. 

Therefore, materials which do not have a significant below bandgap response likely do not have 

significant surface excitation compared to bulk UV excitation. 

 Figure 12 shows illumination transients for a material with properties given in Table 1 and Table 

2 and using (77). Equation (77) is solved in MATLAB with the numerical solver ode15s. The plots show 

that the decay is initially linear as Γ ≫ exp (−bQ ). The slope of the decay is then proportional to the 

illumination intensity, as demonstrated in the plot. As the adsorption rate approaches the desorption rate, 

there is a roll off in the transient and a steady-state is reached. 

Table 2: Material parameters for calculations in Figure 8. 

𝜶 (𝒄𝒎 𝟏) 𝝉𝒑 (𝝁𝒔) 𝝁𝒑 (𝒄𝒎𝟐/𝑽𝒔) 𝒒𝒄(𝟎)(𝒄𝒎 𝟐) 

1 × 10  1 0.5 7 × 10  
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Figure 12: Photodesorption transients for material with parameters in Table 1 and Table 2 using (77). 

 Although there is not a time-domain solution to (73) or (77), Elovich kinetics can be used to 

obtain an accurate approximate solution. We substitute (16) in (72) and assume all photogenerated holes 

reach the surface: 

81 

𝑑𝑞

𝑑𝑡
= 𝑎𝑒 − 𝐿 (81) 

82 

𝐿 =
𝐺 (0)

𝛼
 (82) 

The time-domain solution to (81) is: 

83 

𝑞 (𝑡) =
1

𝛽
ln

𝑒 ( ) + 𝑎

𝐿
 (83) 

84 

𝑐 =
1

𝛽𝐿
ln 𝐿𝑒 ( ) − 𝑎  (84) 

Figure 13 shows (81) applied to the photodesorption transient from Figure 12. The error between the 

numerical solution and the fits is calculated as the difference between the two normalized to the change in 

adsorbed concentration from the initial value, q (0). The plot with the Taylor series expansion point 
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q = q (0) has small error close to the point where q = q , but it deviates significantly from the 

numerical solution in the steady-state region, as shown by the error plot in Figure 13 (b). The second plot 

has the Taylor series expansion point q = q ,  which is calculated by (78). This plot has a much 

smaller error for both the rise and the steady-state portions of the transient. In general, (81) has a very 

small error when the Taylor series expansion point is chosen as the steady-state value. For q < q , , 

both (77) and (81) have desorption rates equal to L, and (77) and (81) have the same steady-state value. In 

the roll-off region, (81) will match (77) closely since Δq  is small. 

 
Figure 13: (a) Photodesorption transient from Figure 12 with 𝐈𝐨𝐩𝐭 = 𝟐𝐦𝐖 and Elovich kinetics transients. The value of 
the steady-state concentration is 𝐪𝐜,𝐬𝐬 = 𝟓. 𝟗𝟖𝟔 × 𝟏𝟎𝟏𝟏𝐜𝐦 𝟐 and the initial value is 𝐪𝐜(𝟎) = 𝟕 × 𝟏𝟎𝟏𝟏𝐜𝐦 𝟐; (b) Error 

between (77) and (81) normalized to the range of the transient. 

 Because (81) is approximately equal to (77) for q = q , , we can use (81) to calculate the time 

to reach steady-state. The steady-state value is reached as t → ∞, so we define the fall time as the time it 

takes to reach 95% of the steady-state value normalized to the transient range. The fall time is then given 

by: 

85 

𝑡 =
1

𝛽𝐿
ln

𝐿𝑒 ( ) − 𝑎

𝐿𝑒 , − 𝑎
 (85) 

86 

𝑞 , = 𝑞 (0) − 0.95 𝑞 (0) − 𝑞 ,  (86) 
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where q ,  is 95% of the steady-state value. 

 The qualitative results shown here align well with experimental results of metal oxide 

photocurrent transients. Measurements of metal oxides photodetectors generally demonstrate a linear 

increase in photocurrent under illumination whose slope is proportional to the intensity of illumination 

[9], [46], [47], [58]. Some devices show a response which is not linear and does not seem to saturate [50], 

[59]. These materials are likely porous. As discussed in Section 2.4, porous materials have several parallel 

surfaces. Each surface will follow (72) but will have different incident illumination intensities. Thus, the 

response is the superposition of several photocurrents with different time constants. The deepest layers 

will have very low incident illumination intensities and therefore very slow response times that might not 

saturate for several hours. 

3.5 Completely Depleted Device 

 Sections 3.2-3.4 consider the case of a very thick sample such that the depletion width is less than 

the total width of the device. However, many modern metal oxide photodetectors are thin films and the 

depletion width may extend past the width of the material. In this case, the surface potential will extend 

into the underlying substrate. In this section, we examine the case where that substrate is an insulating 

oxide layer, as shown in Figure 14. The figure shows a thin metal oxide semiconductor of width 𝑊 on an 

insulating oxide layer. The conducting electrodes source (S) and drain (D) conduct current parallel to the 

adsorbing surface. A backgate electrode (BG) is placed on the insulating oxide surface. If no backgate is 

included in the device, then complete depletion will occur when all electrons in the sample have been 

adsorbed. After this, adsorption will stop. However, if there is a backgate, the surface potential will 

extend through to the backgate and allow adsorption to continue. This case is referred to as the completely 

depleted (CD) case whereas the case where W < W is referred to as partially depleted (PD). 
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Figure 14: Completely depleted semiconductor with adsorbed molecules on the surface forming depletion region. 

 

Figure 15: Diagram of electric field and voltage in the completely depleted case. The red and blue lines (Voltage and 
Electric field respectively) are shown extended through the oxide to demonstrate what they would be in the partially 
depleted case. This is meant only as a visual tool to show how 𝓔𝐨𝐱 and 𝐖𝐃 − 𝐖 are defined in this system. The actual 

voltage and electric field in the oxide are shown by the black lines labelled 𝐕𝐨𝐱(𝐱) and 𝓔𝐨𝐱. 

A diagram of the electrostatics for the system is shown in Figure 15. The figure shows two sets of 

axes: x and x′. The former is used to express the electrostatic variables in terms of the completely 

depleted geometry. The latter is used to represent a partially depleted system with the depletion width that 

would exist if it were allowed to extend into an infinitely thick semiconductor. To solve for the surface 

potential, we must first determine the electric field at the oxide-semiconductor interface, ℰ . We can do 
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this by integrating ℰ(x′) from x = 0 to W − W, where W  is the depletion width that would exist for 

the given q  in the partially depleted case. The equation for the electric field in the partially depleted case 

is: 

87 

ℰ(𝑥 ) =
𝑞𝑛

𝜖
𝑥 (87) 

Thus, the field at the oxide-semiconductor interface is (87) evaluated at x = W − W. The electric field 

can be related to the adsorbed concentration through (11): 

88 

ℰ =
qn

ϵ

q

n
− W  (88) 

Then, V  can be calculated from the electric field at the Oxide-Semiconductor interface: 

89 

𝑉 = 𝑉 −
𝑡 𝜖

𝜖
ℰ  (89) 

90 

𝑉 = 𝑉 −
𝑞𝑛 𝑡

𝜖

𝑞

𝑛
− 𝑊  (90) 

where ϵ  is the dielectric permittivity of the oxide. Then, to find the semiconductor potential, V(x), we 

use Poisson’s Equation: 

91 

𝑑𝑉
( )

( )

= − ℰ(𝑥) 𝑑𝑥 (91) 

where 

92 

ℰ(𝑥) =
𝑞𝑛

𝜖
𝑥 + ℰ  (92) 

93 

𝑉(𝑥 = 0) = 𝑉  (93) 

Solving yields: 
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94 

𝑉(𝑥) = −
𝑞𝑛 𝑥

2𝜖
− ℰ 𝑥 + 𝑉  (94) 

Then, the surface potential is: 

95 

𝜙 = 𝑉(𝑊) = −𝑞𝑞
𝑊

𝜖
−

𝑡

𝜖
+

𝑞𝑛 𝑊

2𝜖
+

𝑞𝑛 𝑡 𝑊

𝜖
+ 𝑉 (95) 

We can substitute ϕ  for V  in (12), yielding the kinetics equation for the completely depleted case: 

96 

𝑑𝑞

𝑑𝑡
= 𝑘 𝑁 𝑛 𝑒  (96) 

This can be written in terms of q  as: 

97 

𝑑𝑞

𝑑𝑡
= 𝑐 𝑒  (97) 

98 

𝜁 =
𝑞

𝑘𝑇

𝑊

𝜖
−

𝑡

𝜖
 (98) 

99 

𝜔 =
𝑞𝑉

𝑘𝑇
+

𝑞 𝑛 𝑊

2𝑘𝑇𝜖
+

𝑞𝑛 𝑡 𝑊

𝑘𝑇𝜖
 (99) 

The solution to (97) is: 

100  

𝑞 (𝑡) =
1

𝜁
ln 𝑒 ( ) + 𝜁𝑐 𝑒 𝑡  (100) 

In computation, evaluation of the term exp(ω) often yields infinity. To avoid this the equation is 

rearranged as: 

101  

𝑞 (𝑡) =
1

𝜁
ln 𝑒 ( ) + 𝜁𝑐 𝑡 + 𝜔  (101) 

The approximate onset of CD occurs when the PD device would trap all electrons in the material. This 

occurs at adsorbed concentration given by: 
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102  

𝑞 , = 𝑁 𝑊 (102) 

This is the approximate onset because the depletion approximation has been used. The CD equations are 

only valid for q > q , . In a device with no backgate, at the onset of CD the adsorption rate will go to 

zero and no further adsorption will occur. However, in the CD device, the metal backgate will effectively 

be depleted and the surface will obtain electrons through the source and drain contacts. 

 Figure 16 shows example adsorption transients in the CD case. Figure 16 (a) shows transients for 

a sample with the parameters shown in Table 1 and Table 3 and a backgate voltage of V = 0V. Three 

different oxide thicknesses are shown to demonstrate its effect on adsorption. Figure 9 shows the PD 

adsorption transient for the same material parameters but with W > W  for all q . Comparing Figure 9 

and Figure 16 (a), we can see that the presence of the oxide and backgate acts to slow down adsorption. 

Thicker oxides result in slower adsorption rates, with t → ∞ being mathematically equivalent removal 

of the backgate. The backgate also allows for control over the adsorption rate. Negative biases reduce the 

rate of adsorption and positive biases increase the rate. This is shown in Figure 16 (b) where a bias of 

V = 5V is applied. The adsorption rate increases significantly, and for the case of t = 100nm is 

exceeds that of the PD case shown in Figure 9. 

Table 3: Parameters for CD device calculations in Figure 16. 

𝑾 (𝒏𝒎) 𝝐𝒐𝒙 (𝑭/𝒄𝒎) 𝒒𝒄(𝟎) 𝒄𝒎 𝟐  

50 7.425 × 10  5 × 10  
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Figure 16: Adsorption transients for material parameters give in Table 1 and Table 3, different oxide thicknesses, and (a) 
backgate voltage of 𝐕𝐁𝐆 = 𝟎𝐕 and (b) 𝐕𝐁𝐆 = 𝟓𝐕. 

3.6 Completely Depleted Illumination Kinetics 

 The CD illumination kinetics equation can be determined by including an illumination term in 

(96). In the CD case, the depletion width occupies the entire width of the sample, so the generation term is 

integrated from x = 0 to x = W: 

103  

𝑑𝑞

𝑑𝑡
= 𝑘 𝑁 𝑛 𝑒 −

𝐺 (0)

𝛼
(1 − 𝑒 ) (103) 

The solution to (103) is: 

104  

𝑞 (𝑡) =
1

𝜁
ln

1

𝐿
𝑐 − 𝑐 𝑒 + 𝜔  (104) 

105  

𝑐 = 𝑐 − 𝐿 𝑒 ( )  (105) 

106  

𝐿 =
𝐺 (0)

𝛼
(1 − 𝑒 ) (106) 

The system has steady-state adsorbed concentration given by: 

107  
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𝑞 , =
1

𝜁
𝜔 − ln

𝐿

𝑐
 (107) 

 Figure 17 shows some example photodesorption transients for a CD sample with material 

parameters given by Table 1, Table 3, and Table 4. The shape of the transient is the same as for the PD 

case: a linear rise with slope L  and a roll off to a steady-state value. 

Table 4: Material parameters used to calculate photodesorption transient in Figure 17. 

𝜶 𝒄𝒎 𝟏  𝒒𝒄(𝟎) 𝒄𝒎 𝟐 

2 × 10  5.45 × 10  

 

 
Figure 17: Photodesorption transients for material with parameters given in Table 1, Table 3, and Table 4. 

 

3.7 Nanowires 

 The system electrostatics change with sample geometry. Therefore, (12) cannot be used for 

nanostructures such as nanowires or quantum dots. Here we examine the adsorption rate equation for 

metal oxide nanowires by solving for the surface potential in a cylindrical system with a surface charge 

and substituting that potential into the adsorption rate equation. The system analyzed is shown in Figure 
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18. The current flows parallel to the adsorption surface, and illumination is incident perpendicular to the 

flow of current. 

 

Figure 18: Nanowire with adsorbed molecules (white) and corresponding depletion region. Current moves parallel to 
surface and is modulated by depletion region. 

 

 

Figure 19: Nanowire electrostatics model, (a) orthogonal view, and (b) top view. 

The adsorption rate equation for nanowires can be solved by using a Gaussian surface to solve for 

the electrostatics. We use the system shown in Figure 19 to represent the nanowire. The nanowire has 

radius W, depletion width W , volumetric charge density within the depletion region ρ = qN , and 

surface charge density ρ = qq . The electric flux density can be written as: 

108  
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𝐷  =  𝐷�̂� (108) 

The charge enclosed in the Gaussian surface is equal to the surface integral of the electric flux density: 

109  

𝑄 = 𝐷 ∙ 𝑑𝑠 (109) 

The total charge enclosed within the Gaussian surface is equal to the charge in the encircled depletion 

region: 

110  

𝐷 �̂� ∙ �̂�𝑟𝑑𝜙𝑑𝑧 = 𝑞𝑛 ℎ(𝜋𝑟 − 𝜋(𝑊 − 𝑊 ) ) (110) 

Rearranging, we obtain the electric flux density as a function of radius: 

111  

𝐷(𝑟) =
𝑞𝑛 𝑟 − (𝑊 − 𝑊 )

2𝑟
(111) 

This yields the electric field: 

112  

ℰ⃗(𝑟) =
𝐷

𝜖
= 𝑞𝑛

𝑟 − (𝑊 − 𝑊 )

2𝑟𝜖
�̂� (112) 

From the electric field, the surface potential can be derived from Poisson’s equation. We integrate the 

electric field from the edge of the depletion region to the surface: 

113  

𝑉 , = −
𝑞𝑛 (𝑟 − (𝑊 − 𝑊 ) )

2𝑟𝜖
�̂� ∙ �̂�

( )

𝑑𝑟 (113) 

114  

𝑉 , = −
𝑞𝑛

2𝜖

1

2
(𝑊 − (𝑊 − 𝑊 ) ) + (𝑊 − 𝑊 ) ln

𝑊 − 𝑊

𝑊
 (114) 

We can relate the surface potential to the surface charge by equating the surface charge with the net 

charge within the nanowire: 

115  

𝑞𝑛 ℎ𝜋(𝑊 − (𝑊 − 𝑊 ) ) = 𝑞ℎ2𝜋𝑊𝑞  (115) 



44 
 

116  

𝑊 − 𝑊 = 𝑊 −
2𝑞 𝑊

𝑛
 (116) 

Substituting (116) into (114), we obtain the surface potential in terms of the adsorbed concentration: 

117  

𝑉 , = −
𝑞𝑛

2𝜖

𝑞 𝑊

𝑛
+ 𝑊 1 −

2𝑞

𝑊𝑛
ln 1 −

2𝑞

𝑊𝑛
 (117) 

The surface potential in (117) can be substituted into (12) to solve for q .  

118  

𝑑𝑞

𝑑𝑡
= 𝑘 𝑁 𝑛 𝑒

,

 (118) 

The current can be calculated from the depletion width equation as a function of q  by: 

119  

𝑊 = 𝑊 1 − 1 −
2𝑞

𝑊𝑛
 (119) 

The system must be solved by numerical methods, so we rewrite the adsorption rate equation in 

dimensionless form: 

120  

𝑑𝑄

𝑑𝑇
= exp −𝛿𝑄 − 𝜃(1 − 𝛾𝑄 ) ln 1 − 𝛾𝑄  (120) 

121  

𝛾 =
2𝑁

𝑊𝑛
   ,   𝛿 =

𝑞 𝑁 𝑊

2𝑘𝑇𝜖
   ,   𝜃 =

𝑞 𝑛 𝑊

2𝑘𝑇𝜖
 (121) 

Example nanowire adsorption transients are shown in Figure 20. The plot shows that the adsorption rate 

decreases with increasing surface curvature. Nanowires generally have a much smaller volume than thin 

films and single crystals, and therefore will depleted much faster. The onset of CD will occur for W =

W . From (116), CD occurs at the adsorbed concentration of 

122  

𝑞 , =
𝑊𝑁

2
 (122) 
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Figure 20: Adsorption transients for material parameters given in Table 1 and various diameters. 

 Equation (118) may have a different adsorption rate constant, k , than the planar materials. For 

wurtzite metal oxides such as ZnO, most planar devices grow with their c-axis perpendicular to the 

surface such that the polar (0001) and (000-1) planes are exposed to oxygen. However, the exposed faces 

on wurtzite nanowires may include the non-polar faces. Each face will likely have a different adsorption 

rate constant, and therefore (118) will need to be modified accordingly. 
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Figure 21: Nanowire cross-section with infinitesimally thin rectangle centered on 𝐱 = 𝐱𝟎 and with width 𝚫𝐭. 

The illumination term for nanowires can be included as a desorption rate term as was done in 

Sections 3.4 and 3.6. However, the absorption of photons in a nanowire differs from that of a planar 

device. We derive the rate term by integrating over the surface of the nanowire cross-section shown in 

Figure 21. We examine a differential section of the circle denoted by the rectangle centered at x  with 

width Δt. The generation rate in this section is given by: 

123  

𝐺 (𝑦) = 𝐺 (0)𝑒 ( ) (123) 

The total number of photons per second absorbed in the volume defined by this section is given by 

integration: 

124  

𝑝 = 𝑙Δ𝑡 𝐺 (𝑦) 𝑑𝑦 (124) 

125  

=
𝑙Δ𝑡𝐺 (0)

𝛼
1 − 𝑒 ( )  (125) 

where l is the length of the nanowire. The depth of the section can be rewritten in terms of the nanowire 

radius as: 



47 
 

126  

=
𝑙Δ𝑡𝐺 (0)

𝛼
1 − 𝑒  (126) 

We can solve for the total number of photons generated per second in the whole cylinder by integrating 

across the area of the circle: 

127  

𝑝 =
𝑙𝐺 (0)

𝛼
1 − 𝑒 √ 𝑑𝑥 (127) 

Equation (127) does not have a closed-form solution, so it must be solved via a numerical solver. We 

assume that the total number of absorbed photons is distributed evenly across the surface of the nanowire, 

thus the rate of electrons to the surface is: 

128  

𝐿 =
𝑝

2𝜋𝑊𝑙
 (128) 

This assumption may not be valid in many cases. For example, if most of the photons are absorbed near 

the surface. Note that we also do not consider the effect of the depletion width on the generation rate. 

Such an analysis is better performed in a software package such as Sentaurus and therefore will not be 

done here. However, many nanowires have a diameter that is relatively small compared to both the 

absorption length and the diffusion length, so this equation is suitable for many practical devices. The 

photodesorption rate equation is then: 

129  

𝑑𝑞

𝑑𝑡
= 𝑘 𝑁 𝑛 𝑒

,

− 𝐿  (129) 
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3.8 Quantum Dots 

 

Figure 22: Quantum electrostatics model and Gaussian surface (dashed blue line). 

Metal oxide quantum dots are researched extensively due to the ability to control the optical 

bandgap with the size of the quantum dot. The curvature of their surface will change the adsorption rate 

and their optical response. Similar electrostatics arguments can be made to derive the adsorption rate 

equation for quantum dots. The electrostatics model is shown in Figure 22. We approximate the shape of 

the quantum dots to be a sphere and use a Gaussian surface to derive the surface potential. The charge 

enclosed by the Gaussian surface is equal to the surface integral of the electric flux density: 

130  

𝐷 ∙ 𝑑𝑠 = 𝑄
 

 (130) 

131  

𝐷 = 𝐷�̂� (131) 

The total charge enclosed within the Gaussian surface is equal to the charge in the encircled depletion 

region: 

132  

𝐷�̂� ∙ �̂�𝑟 sin 𝜃 𝑑𝜃𝑑𝜙 =
4𝜋𝑞𝑛

3
(𝑟 − (𝑊 − 𝑊 ) ) (132) 
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Thus, we can solve for the electric flux density and the electric field: 

133  

𝐷 =
𝑞𝑛 (𝑟 − (𝑊 − 𝑊 ) )

𝑟
 (133) 

134  

�⃗� =
𝐷

𝜖
�̂� =

𝑞𝑛

𝜖

(𝑟 − (𝑊 − 𝑊 ) )

𝑟
  (134) 

Using Poisson’s equation, we solve for the surface potential: 

135  

𝑉 , = − �⃗��̂� ∙ �̂�
( )

𝑑𝑟 (135) 

136  

𝑉 , = −
𝑞𝑛

𝜖
𝑊 +

(𝑊 − 𝑊 )

2𝑊
−

𝑊 − 𝑊

2
 (136) 

We can relate the surface potential to the adsorbed concentration by equating the total charge adsorbed to 

the total charge in the depletion width: 

137  

4𝜋𝑞𝑛

3
(𝑊 − (𝑊 − 𝑊 ) ) = 4𝜋𝑊 𝑞𝑞  (137) 

138  

𝑊 − 𝑊 = 𝑊 1 −
3𝑞

𝑊𝑛
 (138) 

139  

𝑉 , = −
𝑞𝑛

𝜖
𝑊 −

3𝑊

2
1 −

3𝑞

𝑊𝑛
+

𝑊

2
1 −

3𝑞

𝑊𝑛
 (139) 

The adsorption equation is then written by substituting (139) into (12): 

140  

𝑑𝑞

𝑑𝑡
= 𝑘 𝑁 𝑛 𝑒

,

 (140) 

The dimensionless for of (140) is: 

141  
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𝑑𝑄

𝑑𝑇
= exp −𝜓 1 −

3

2
1 − 𝜅𝑄 +

1

2
(1 − 𝜅𝑄 )  (141) 

142  

𝜓 =
𝑞 𝑛 𝑊

𝑘𝑇𝜖
 (142) 

143  

𝜅 =
2𝑁

𝑊𝑛
 (143) 

 The adsorption transients for some example quantum dots are shown in Figure 23. The adsorption 

rate is much slower than that of the nanowires, and it decreases with decreasing radius. Quantum dots also 

have a much smaller volume of charges to contribute to adsorption, and so their onset of CD will occur at 

a very small adsorbed concentration given by 

144  

𝑞 , =
𝑊𝑛

3
 (144) 

As with nanowires, the adsorption constant, k , for quantum dots may differ significantly from that for 

planar devices. The quantum dot will have many different faces exposed, each of which may have a 

different adsorption constant, and the exposed edges and of the structures may alter the adsorption rate. 

 
Figure 23: Adsorption transients for quantum dots with different radii and material parameters given in Table 1. 



51 
 

 Illumination can be included in the rate equation through a desorption term as was done for other 

systems. However, we do not derive the form of the illumination term here. It is important to note, 

however, that a device with large groups of quantum dots stacked on top of each other will experience a 

photoresponse similar to the porous structures discussed in Section 2.4. That is, different layers will have 

different incident illumination intensities as the surface layers absorb light. 

3.9 Junctions 

3.9.1 Homojunction 

 Homojunctions consist of two sections of the same material that have different carrier 

concentrations. This is a more realistic representation of many metal oxide materials as the number of 

oxygen vacancies which act as electron donor sites may vary throughout the material. Here we examine 

the electrostatics for the system shown in Figure 24. 

 

Figure 24: Homojunction device with two different carrier concentrations. 

We consider only the case where W  is completely depleted. This requires that the adsorbed concentration 

be: 

145  

𝑞 > 𝑊 𝑁  (145) 
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The surface potential can be solved by integrating the electric field from the edge of the depletion region 

to the surface: 

146  

𝑉 , = −
𝑞𝑁

𝜖
𝑑𝑥 −

𝑞𝑁

𝜖
𝑑𝑥 (146) 

147  

𝑉 , = −
𝑞

2𝜖
(𝑁 𝑊 + 𝑁 𝑊 ) (147) 

Then the surface potential can be related to the adsorbed concentration by equating the adsorbed charge to 

the charge in the depletion region: 

148  

𝑞 = 𝑁 𝑊 + 𝑁 𝑊  (148) 

149  

𝑉 , = −
𝑞

2𝜖

𝑞

𝑁
−

2𝑁 𝑊

𝑁
𝑞 𝑊 𝑁 1 +

𝑁

𝑁
 (149) 

The adsorption rate equation is written by substituting (149) into (12): 

150  

𝑑𝑞

𝑑𝑡
= 𝑘 𝑁 𝑁 𝑒

,

,  𝑞 > 𝑁 𝑊  (150) 

151  

𝑑𝑄

𝑑𝑇
= exp(−𝑋𝑄 + 𝑌𝑄 − 𝑍) (151) 

152  

𝑋 =
𝑞 𝑁

2𝑘𝑇𝜖 𝑁
 (152) 

153  

𝑌 =
𝑞 𝑁 𝑁 𝑊

𝑘𝑇𝜖 𝑁
 (153) 

154  

𝑍 =
𝑞 𝑊 𝑁

2𝑘𝑇𝜖
1 +

𝑁

𝑁
 (154) 
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Figure 25 and Figure 26 show the adsorption transients and depletion width and rate of adsorption over 

time for various homojunction structures. In both we examine a heterojunction with a thin film of W =

50nm on top of a thick substrate such that the device does not enter CD. In Figure 25, we compare 

homojunctions where the surface layer has a higher carrier concentration than the underlying bulk layer. 

Each junction is compared to a non-homojunction with a homogenous carrier concentration. From Figure 

25, we can see that the adsorption rate is not significantly affected by the homojunction; the adsorption 

rate mostly follows that of the substrate layer instead of the surface layer. There is a change in the total 

amount adsorbed on the surface that is equal to the charge in the surface layer. Thus, the homojunction 

will adsorb the surface layer charge and then mostly follow the adsorption rate of the underlying bulk. A 

similar scenario is seen in Figure 26 for homojunctions with a smaller carrier concentration on the surface 

layer. 
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Figure 25: (a) Adsorption transients, (b) depletion width transients, and (c) rate of adsorption over time for 
homojunctions with the material parameters listed in Table 1 and 𝐖𝟐 = 𝟓𝟎𝐧𝐦. 



55 
 

 

Figure 26: (a) Adsorption transients, (b) depletion width transients, and (c) rate of adsorption over time for 
homojunctions with the material parameters listed in Table 1. 

3.9.2 Heterojunction 

 Metal oxide heterojunctions, like the one shown in Figure 27, have been used recently to improve 

the performance of metal oxide UV photodetectors [11], [60]–[64]. Generally, the metal oxide is 

combined with a high-mobility material such as graphene to increase the photoresponsivity of the device. 

Here we examine the effect of a heterojunction on the adsorption rate. We do not consider the effect of 

interfacial charge or interfacial barriers. 
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Figure 27: Example ZnO-Si heterojunction. 

 The rate equation can be derived in the same manner as for homojunctions, but with different 

dielectric permittivities. The resulting surface potential is given by: 

155  

𝑉 , = −
𝑞

2

𝑞

𝑁 𝜖 ,
−

2𝑁 𝑊

𝑁 𝜖 ,
𝑞 𝑊 𝑁

1

𝜖 ,
+

𝑁

𝜖 , 𝑁
 (155) 

The dimensionless form of the rate equation is: 

156  

𝑑𝑄

𝑑𝑇
= exp(−𝑈𝑄 + 𝑉𝑄 − 𝑊𝑍) (156) 

157  

𝑈 =
𝑞 𝑁

2𝑘𝑇𝜖 , 𝑁
 (157) 

158  

𝑌 =
𝑞 𝑁 𝑁 𝑊

𝑘𝑇𝜖 , 𝑁
 (158) 

159  

𝑍 =
𝑞 𝑊 𝑁

2𝑘𝑇

1

𝜖 ,
+

𝑁

𝜖 , 𝑁
 (159) 
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Figure 28 shows that the heterojunction follows the same trends as the homojunction. That is, the 

adsorption rate mostly follows that of the underlying substrate. 

 

 

Figure 28: Adsorption transients for homojunction with 𝐍𝐝𝟏 = 𝐍𝐝𝟐 = 𝟏 × 𝟏𝟎𝟏𝟕𝐜𝐦 𝟑, 𝐖𝟐 = 𝟓𝟎𝐧𝐦, 𝛜𝐫,𝟏 = 𝟏𝟏. 𝟗, 𝛜𝐫,𝟐 =

𝟖. 𝟒, and junction with 𝐧𝐛 = 𝟏 × 𝟏𝟎𝟏𝟕𝐜𝐦 𝟑, 𝛜𝐫,𝟐 = 𝟏𝟏. 𝟗. 
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3.10 Multiple Traps 

3.10.1 Multiple Acceptor Type Traps 

 Metal oxides are generally sensitive to gases other than oxygen, such as carbon dioxide, carbon 

monoxide, hydrogen, and methane. Therefore, it is important to look at the effect of multiple traps on the 

surface on the adsorption rate. If there are two acceptor-type traps with different adsorption sites and 

adsorption rates, we can write an adsorption rate equation for both of them: 

160  

𝑑𝑞

𝑑𝑡
= 𝑘 𝑁 𝑛 𝑒  (160) 

161  

𝑑𝑞

𝑑𝑡
= 𝑘 𝑁 𝑛 𝑒  (161) 

The total negative trapped charge concentration on the surface can be written as the sum of the individual 

adsorbed concentration: 

162  

𝑞 , = 𝑞 + 𝑞  (162) 

The surface potential is then given by the total adsorbed concentration: 

163  

𝑉 = −
𝑞𝑞 ,

2𝜖 𝑛
 (163) 

We can write a rate equation for the total adsorbed concentration as a sum of the individual rate 

equations: 

164  

𝑑𝑞 ,

𝑑𝑡
= (𝑘 𝑁 + 𝑘 𝑁 )𝑒  (164) 

Thus, the rate equation for multiple acceptor type traps has the same form as (12) but with an effective 

adsorption rate constant and trap concentration. The dimensionless form of (160) and (161) are given by: 

165  
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𝑑𝑄 ,

𝑑𝑇
= 𝑒 ,  (165) 

166  

𝑑𝑄 ,

𝑑𝑇
= 𝑒 ,  (166) 

167  

𝑐 = ln
𝑘 𝑁

𝑘 𝑁
 (167) 

168  

𝑄 , =
𝑞 ,

𝑁
 (168) 

169  

𝑄 , =
𝑞 ,

𝑁 ,
 (169) 

170  

𝑄 , = 𝑄 , + 𝑄 ,  (170) 

171  

𝑇 = 𝑡𝑘 𝑛  (171) 

The dimensionless form of (164) is given by: 

172  

𝑑𝑄 ,

𝑑𝑇
= 𝑒 ,  (172) 

173  

𝑐 = ln 1 +
𝑘 𝑁

𝑘 𝑁
 (173) 

Figure 29 shows the calculated adsorption transient for a material with two traps with different adsorption 

rate constants.  
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Figure 29: Adsorption transients for multiple traps with 𝐧𝐛 = 𝟏 × 𝟏𝟎𝟏𝟕𝐜𝐦 𝟑, 𝐍𝐭𝟏 = 𝐍𝐭𝟐 = 𝟏 × 𝟏𝟎𝟏𝟓𝐜𝐦 𝟐, 𝐪𝐜𝟏(𝟎) = 𝟎, 

𝐪𝐜𝟐(𝟎) = 𝟎. 

3.10.2 Donor Type Traps 

 

Figure 30: Energy band diagram for an n-type metal oxide with a shallow-hole acceptor trap and a trapped hole.  

 Adsorption can also occur with donor-like surface traps. These surface traps create a positive 

charge on the surface either by donating electrons directly to the conduction band or trapping holes from 

the valence band. An example of such an adsorbate is water. Experimental current measurements of ZnO 

in wet nitrogen show that the conductivity increases in wet nitrogen and decreases under illumination 

[55], [65]–[67], indicating that the water is creating a positive charge on the surface. The adsorption rate 
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equation for a hole trap is similar to that of the electron trap. The rate is the product of the rate constant, 

k , physically adsorbed concentration, P , and hole concentration at the surface: 

174  

𝑑𝑞

𝑑𝑡
= 𝑘 𝑃 𝑝 𝑒  (174) 

where p  is the bulk concentration of holes. The positive adsorbed charge creates an accumulation layer 

instead of a depletion layer. Thus, the relationship between the surface potential and the adsorbed 

concentration differs from (10) and (11). The full relationship between the surface charge and the surface 

potential is given by [68]: 

175  

𝑞 =
2𝑘𝑇𝜖

𝑞
𝑝 exp −

𝑞𝑉

𝑘𝑇
+

𝑞𝑉

𝑘𝑇
− 1 + 𝑛 exp

𝑞𝑉

𝑘𝑇
−

𝑞𝑉

𝑘𝑇
− 1  (175) 

In an n-type semiconductor with n ≫ p  in accumulation, the surface potential will be positive and 

(175) will simplify to: 

176  

𝑞 = 𝑏 exp
𝑞𝑉

𝑘𝑇
−

𝑞𝑉

𝑘𝑇
− 1   (176) 

177  

𝑏 =
2𝑘𝑇𝜖 𝑛

𝑞
 (177) 

For q ≫ b , we can further simplify (175) and solve for the surface potential. 

178  

𝑉 =
𝑘𝑇

𝑞
ln

𝑞 𝑞

2𝑘𝑇𝜖 𝑛
 (178) 

However, in most metal oxide systems, n  and therefore b  are very large and (178) is not applicable. 
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 Under illumination, the accumulation layer will separate holes and electrons. In this case, it is the 

electrons which will migrate to the surface to recombine with trapped electrons. The photodesorption 

equation then becomes: 

179  

𝑑𝑞

𝑑𝑡
= 𝑘 𝑃 𝑝 𝑒 − 𝐿 (179) 

3.10.3 Humidity 

 Humidity has a significant impact on the photoresponse of metal oxide photodetectors. To model 

the effect of humidity, we combine the oxygen and water adsorption equations into a system of 

differential equations: 

180  

𝑑𝑞 ,

𝑑𝑡
= 𝑘 𝑁 𝑛 𝑒  (180) 

181  

𝑑𝑞 ,

𝑑𝑡
= 𝑘 𝑃 𝑝 𝑒  (181) 

where q ,  is the negative charge concentration from electrons trapped by oxygen, and q ,  is positive 

charge concentration from holes trapped by water. In experimental measurements of metal oxide current 

in humid conditions where both oxygen and water are present, the dark conductivity of the samples 

decrease over time as with pure oxygen environments [69]. Therefore, we assume that the samples 

operate in the depletion region and the surface potential can be related to the surface charge by: 

182  

𝑉 =
𝑞 𝑞 , − 𝑞 ,

2𝜖 𝑛
 (182) 



63 
 

 

 

Table 5: Adsorption parameters for simultaneous oxygen and water adsorption shown in Figure 31. 𝐏𝐓𝐡 is the physically 
adsorbed water concentration under high humidity, and 𝐏𝐓𝐥 is the physically adsorbed water concentration under low 

humidity. 

𝒌𝒏 (𝒄𝒎𝟑/𝒔) 𝑵𝑻 𝒄𝒎 𝟐  𝒏𝒃 𝒄𝒎 𝟑  𝒌𝒑 (𝒄𝒎𝟑/𝒔) 𝑷𝑻𝒉 𝒄𝒎 𝟐  𝑷𝑻𝒍 𝒄𝒎 𝟐  𝒑𝒃 𝒄𝒎 𝟑  

1 × 10  1 × 10  1 × 10  1 × 10  1 × 10  1 × 10  1 × 10  

 

Table 6: Device parameters for current calculations of simultaneous oxygen and water adsorption shown in Figure 31. 

𝝐𝒓 𝑽𝒂 (𝑽) 𝝁𝒏 (𝒄𝒎𝟐/𝑽𝒔) 

8.4 1 100 

𝑾 (𝒏𝒎) 𝒅 (𝝁𝒎) 𝒍 (𝝁𝒎) 

100 1 1 

 

 
Figure 31: Current for device with parameters given by Table 6 under different humidity conditions. Current is 

calculated using (190). For dry oxygen, only (180) is used. For high humidity, both equation (180) and (181) are solved 
simultaneously with 𝐏𝐓 = 𝐏𝐓𝐡. For low humidity, 𝐏𝐓 = 𝐏𝐓𝐥. 

 Figure 31 shows an example of current calculated for a typical ZnO thin film device under 

different humidity conditions. The change in humidity is modeled by a change in physically adsorbed 
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water concentration, P . The figure shows that net charge, and therefore the current, tends to saturate. In 

addition, the conductivity of the sample increases with increasing humidity. Both of these effects are due 

to the build-up of positive charge from the water molecules, and the steady-state net charge concentration 

is given by: 

183  

𝑞 , − 𝑞 , =
𝑘𝑇𝜖 𝑛

𝑞
ln

𝑘 𝑁 𝑛

𝑘 𝑃 𝑝
 (183) 

These trends are similar to those found in experimental measurement; the current in metal oxide samples 

does tend to increase and saturate with increasing humidity [69]. 

 To determine the effect of illumination on a metal oxide photodetector with both oxygen and 

water adsorbates, we propose two possible mechanisms and compare their predicted photocurrent 

transients to experimental photocurrent transients. The first possible mechanism is that adsorbed water 

molecules act as recombination centers for photogenerated carriers. A similar mechanism has been 

proposed by Li et al. in [69]. Holes trapped by water recombine with photogenerated electrons at the 

surface, and then the photodesorbed water molecules re-adsorb with photogenerated holes. We represent 

this in our system of rate equations as: 

184  

𝑑𝑞 ,

𝑑𝑡
= 𝑘 𝑁 − 𝑞 , 𝑛 𝑒 − (1 − 𝜅 )𝐿 (184) 

185  

𝑑𝑞 ,

𝑑𝑡
= 𝑘 𝑃 − 𝑞 , 𝑝 𝑒 + 𝜅 𝐿 − 𝜅 𝐿 (185) 

where κ  is the fraction of photogenerated holes that are trapped by water, and κ  is the fraction of 

photogenerated electrons that recombine with trapped holes. Note that we do not include the 

photoadsorption term as an increase in the bulk concentration of holes (i.e., by adding Δp  to the p  term) 

because the rate of holes to the surface is determined by the photogeneration rate and not Boltzmann 
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statistics. The fraction of photogenerated holes trapped by the water molecules is likely a function of the 

physically and chemically adsorbed concentrations of both water and oxygen, and the local electric fields 

surrounding the adsorbed molecules. Here, we approximate that the fraction is proportional to the 

humidity and the ratio of oxygen molecules to water molecules: 

186  

𝜅 =
𝑃

𝑃 + 𝑁
 (186) 

This first-order approximation will ensure that the fraction of holes trapped by the water molecules 

increases with humidity. We arbitrarily set the fraction of captured electrons to 

187  

𝜅 = 𝜅  (187) 

so that the adsorbed water molecules act as recombination centers and do not accumulate charge from 

photogenerated carriers. Figure 32(a) shows the photocurrent for a typical ZnO thin film under different 

humidity conditions using (184) and (185). The recombination of the photocarriers at the water traps 

effectively reduces the internal quantum efficiency of the device and decreases the photocurrent. This 

degradation of the photocurrent has been experimentally observed as shown in Figure 32(c). However, 

this model does not predict the increase in the adsorption rate with increasing humidity. 

There is also some evidence that indicates that under the presence of oxygen, water may 

dissociate into hydrogen and hydroxyl groups [69], [70]. In this case, water could contribute both 

acceptor- and donor-type traps. In Section 3.10.1, we determined that multiple acceptor-like surface traps 

would increase the adsorption rate by changing the effective adsorption rate constant and physically 

adsorbed concentration. Thus, we replace (184) with (164) and write our system of rate equations as: 

188  

𝑑𝑞 ,

𝑑𝑡
= 𝑘 , 𝑁 , + 𝑘 , 𝑁 , 𝑛 𝑒 − 𝐿 (188) 

189  

𝑑𝑞 ,

𝑑𝑡
= 𝑘 𝑃 𝑝 𝑒  (189) 



66 
 

where k ,  is the adsorption rate constant for oxygen. N ,  is the physically adsorbed oxygen 

concentration, k ,  is the adsorption rate constant for water, and N ,  is the physically adsorbed 

water concentration. The surface potential is still given by (182). To isolate the effect of the change in the 

adsorption rate, the only photogenerated carrier interaction we consider is the recombination of holes with 

trapped electrons.  

Table 7: Adsorption rate parameters for simultaneous oxygen and water adsorption with dissociated water molecules 
shown in Figure 32(b). The physically adsorbed donor-type water concentration, 𝐍𝐓,𝐇𝟐𝐎, is equal to the physically 

adsorbed donor-type water concentration, 𝐏𝐓𝐡 or 𝐏𝐓𝐥. 

𝒌𝒏,𝑶𝟐
 (𝒄𝒎𝟑/𝒔) 𝑵𝑻,𝑶𝟐

 𝒄𝒎 𝟐  𝒏𝒃 𝒄𝒎 𝟑  

1 × 10  1 × 10  1 × 10  

𝒌𝒏,𝑯𝟐𝑶 (𝒄𝒎𝟑/𝒔) 𝑵𝑻,𝑯𝟐𝑶 𝒄𝒎 𝟐  𝒑𝒃 𝒄𝒎 𝟑  

1 × 10  𝑃  1 × 10  

𝒌𝒑 (𝒄𝒎𝟑/𝒔) 𝑷𝑻𝒉 𝒄𝒎 𝟐  𝑷𝑻𝒍 𝒄𝒎 𝟐  

1 × 10  1 × 10  1 × 10  
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Figure 32: Photocurrent under different humidity conditions. For (a) and (b), photocurrent for dry O2 is calculated using 
(180), Table 6, and oxygen adsorption rate parameters in Table 7. For all transients in (a) and (b), 𝛌 = 𝟑𝟒𝟎𝐧𝐦 and 𝐈𝐨𝐩𝐭 =

𝟔𝟎𝐦𝐖/𝐜𝐦𝟐. (a) Photocurrent for low and high humidity calculated using (184), (185), Table 6, and Table 7. (b) 
Photocurrent for low and high humidity calculated using (188), (189), Table 6, and Table 7. (c) Experimental 

measurements of ZnO nanowire photocurrent transients under different relative humidity conditions. Reprinted with 
permission from Y. Li, F. Della Valle, M. Simonnet, I. Yamada, and J.-J. Delaunay, “Competitive surface effects of 

oxygen and water on UV photoresponse of ZnO nanowires,” Appl. Phys. Lett., vol. 94, no. 2, Jan. 2009, Art. no. 023110, 
Copyright 2009 AIP, [69]. 

 Figure 32(b) shows the calculated current for a sample in which the water molecules act as both 

hole and electron traps. The dark current under humid conditions is still larger than that in dry conditions, 

and the dark current still saturates according to (183) but with a different effective rate constant. Under 

illumination, the photocurrent decreases with increasing humidity. This is due to the increase in the 

effective adsorption rate constant which increases the steady-state illuminated surface potential. The 
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photodecay transients show that the adsorption rate increases for increasing humidity. These phenomena 

are consistent with experimental measurements shown in Figure 32(c). 

 It may be that the actual photoresponse is some combination of these effects. There may also be 

other effects, such as chemical reactions between the water and oxygen, that effect the photoresponse. 

More experimental studies are needed to determine the actual form of the adsorption rate equations. 

3.11 Photocurrent 

3.11.1 General Case 

The primary effect of illumination is a change of the depletion width. We will first examine the 

current for a single, planar crystal with ohmic contacts as shown in Figure 33. In this configuration, 

current flows parallel to the adsorption surface. 

 

Figure 33: Geometry of sample analyzed in this section. Not shown is the depth ‘d’ into the page. ‘S’ is source contact, ‘D’ 
is drain contact. 

We can then divide the sample into two regions: bulk and depletion. The bulk will have a much higher 

conductivity than the depletion region, and the adsorbed concentration will modulate the widths of the 

two regions. Thus, over time, the increasing adsorbed concentration will increase the depletion width and 

reduce the overall conductance of the sample. The sample conductance is given by: 

190  

𝐺 =
𝑞𝜇 𝑛 𝑑(𝑊 − 𝑊 )

𝑙
 (190) 

 Figure 34 shows some example photocurrent transients for the PD device with parameters given 

in Table 8. The plot shows that the current rises linearly with illumination and reaches a saturation value. 
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When the illumination is removed, the photocurrent shows a fast transient followed by a slow transient. 

The rate of decay is also proportional to the magnitude of the photocurrent. 

Table 8: Photocurrent calculation parameters for Figure 34. 

𝒌𝒏  

(𝒄𝒎 𝟐) 

𝑵𝒕  

(𝒄𝒎 𝟐) 

𝒏𝒃 

 (𝒄𝒎 𝟑) 

𝝁𝒏 

 (𝒄𝒎𝟐/𝑽𝒔) 

𝝐𝒓 𝒒𝒄(𝟎)  

(𝒄𝒎 𝟐) 

𝒅  

(𝝁𝒎) 

𝒍  

(𝝁𝒎) 

𝑾 

 (𝒏𝒎) 

1 × 10  1 × 10  1 × 10  200 8.4 0 1 1 150 

 

 
Figure 34: Photocurrent transients for different illumination intensities using the device parameters given by Table 8. 

In the completely depleted case, the depletion approximation cannot be used. Instead we calculate the 

conductivity through the exact form of the electron concentration: 

191  

𝑛(𝑥) = 𝑁 exp
𝑞

𝑘𝑇
−

𝑞𝑁

2𝜖
𝑥 −

𝑞𝑁 (𝑊 − 𝑊)

𝜖
𝑥 + 𝑉  (191) 

Then, the average conductivity is given by: 

192  

𝜎 =
𝑞𝜇 𝑁

𝑊

√𝜋𝑒

2√𝑎
erf

2𝑎𝑊 + 𝑏

2√𝑎
− erf

𝑏

2√𝑎
 (192) 

193  
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𝑎 =
𝑞 𝑁

2𝑘𝑇𝜖
 (193) 

194  

𝑏 =
𝑞 𝑁

𝑞
𝑁

− 𝑊

𝑘𝑇𝜖
 (194) 

195  

𝑐 = −
𝑞 𝑁 𝛼

𝑞
𝑁

− 𝑊

𝑘𝑇𝜖
 (195) 

And the conductivity is: 

196  

𝐺 =
𝑑𝑊𝜎

𝑙
 (196) 

3.11.2 Back Gate Capacitance 

When the metal oxide has an oxide substrate and a back gate, the boundary conditions of 

Poisson’s equation are modified as discussed in the section ‘Completely Depleted Case.’ This changes the 

electron distribution in the metal oxide such that some of the counteracting positive charge is placed on 

the back gate. From conservation laws, any positive charge added to the metal back gate must be 

compensated by the addition of electrons to the metal oxide. Thus, an ‘injection’ electron current appears 

during adsorption, and an ‘ejection’ current appears during illumination even with zero bias applied. In 

other words, a metal-oxide-semiconductor capacitor is formed across which a portion of the surface 

potential is applied. This current may be relatively small compared to the normal conduction current, and 

its magnitude is strongly dependent on device geometry, back gate bias, and the frequency of 

illumination. 

In the completely depleted case, the voltage across the oxide is given by: 

197  

𝑉 =
𝑡 𝑞𝑁

𝜖

𝑞

𝑁
− 𝑊  (197) 
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Thus, the current that must be supplied into the metal oxide to compensate this voltage drop, which we 

will call the injection current I , is given by: 

198  

𝐼 = 𝐶
𝑑𝑉

𝑑𝑡
 (198) 

199  

= 𝐶
𝑡

𝜖
𝑞

𝑑𝑞

𝑑𝑡
 (199) 

200  

=
𝜖𝑑𝑙

𝑡

𝑡

𝜖
 𝑞

𝑑𝑞

𝑑𝑡
 (200) 

201  

     = 𝑑𝑙𝑞
𝑑𝑞

𝑑𝑡
 (201) 

202  

𝐼 = 𝑑𝑙𝑞𝑘 𝑁 𝑛 exp
𝑞𝜙

𝑘𝑇
 (202) 

The current is referred to as an injection current because electrons are injected from both contacts, source 

and drain, of the device. Thus, the actual current at the source or drain at 0V bias is actually I /2  and 

will vary with bias. 

Under illumination, the electrons that were provided by the injection current for adsorption must 

now be removed as the surface potential and therefore Vox decreases. We can follow the same arguments 

as above but use the rate of change of chemisorbed concentration as given in (103). Additionally, we must 

consider that electrons are ejected from the sample in this case. Thus, this current is referred to as the 

Ejection Current, I  and is given by: 

203  

𝐼 = 𝑑𝑙𝑞 𝑘 𝑁 𝑁 𝑒 −
𝐺 (0)

𝛼
(1 − 𝑒 )  (203) 
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4. PERFORMANCE METRICS AND DESIGN CONSIDERATIONS 

 Photodetectors are usually characterized in terms of their photocurrent and photoresponsivity. 

However, here we make the argument that these are not good metrics of photoconductor performance. We 

do this by examining the signal and signal-to-noise ratio of photoconductors in practical application 

circuits. 

 

Figure 35: Photoconductor diagram. 

 We first consider the SNR of a photoconductor as it is traditionally analyzed [71]. The signal of a 

photoconductor, shown in Figure 35, is generally given by the AC photocurrent. For now, we consider the 

device to be operated at a frequency such that the amplitude of the AC photocurrent to be determine by 

the difference between the on-current and the dark current. We will discuss AC currents whose minimum 

value is not the dark current later. In this case, the magnitude of the RMS photocurrent is defined as: 

204  

𝑖 =
𝐼 − 𝐼

√2
(204) 

205  

=
𝑉

√2

1

𝑅
−

1

𝑅
 (205) 

where I  is the DC current under illumination, I  is the dark current, R  is the resistance under 

illumination, and R  is the resistance in the dark.The noise is measured as the current noise and is 



73 
 

divided into three components: thermal/Johnson noise, flicker noise, and generation-recombination noise. 

The RMS thermal noise current in units of A is given by: 

206  

𝑖 =
4𝑘𝑇B

𝑅
 (206) 

where B is the device bandwidth. The generation-recombination current is given by: 

207  

𝑖 =
4𝑞Γ 𝐼 B

1 + 𝜔 𝜏
 (207) 

208  

=

4𝑞Γ
𝑉

𝑅 ,
B

1 + 𝜔 𝜏
 (208)

 

where Γ  is the photoconductive gain, ω is the operating frequency, τ is the recombination lifetime. 

Usually, the flicker noise is ignored since it is negligible at practical operating frequencies. The power 

SNR is given as the ratio of the power associated with the photocurrent and the noise: 

209  

𝑆𝑁𝑅 =
𝑖

𝑖 + 𝑖
 (209) 
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Figure 36: TIA circuit. 

 The typical circuit used with photodetectors is a transimpedance amplifier (TIA) circuit shown in 

Figure 36. Here we derive the SNR for the TIA to compare with (209). The RMS photovoltage signal is 

given by: 

210  

𝑉 , =
𝑉 𝑅

√2

1

𝑅 ,
−

1

𝑅 ,
 (210) 

The noise in the circuit has 3 contributions: op-amp voltage noise, op-amp current noise, and biasing 

resistor thermal noise. Assuming that we are operating at a high enough frequency such that thermal noise 

is dominant over R-G noise, the RMS thermal noise is given by: 

211  

𝑖 , = 4𝑘𝑇𝑅 𝐵  (211) 

212  

𝑅 =
𝑅 𝑅

𝑅 + 𝑅
 (212) 

where B  is the closed-loop bandwidth of the op-amp given by: 

213  

𝐵 = 𝐾
𝐵

𝐺
 (213) 
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214  

𝐺 =
𝑅

𝑅
+ 1 (214) 

where K is the brick-wall filter correction factor, B  is the unity-gain bandwidth, and G is the closed-loop 

gain. The closed-loop gain and the equivalent resistance given in (212) may be determined either by the 

dark resistance or the illuminated resistance. That is, the noise may be larger in the dark or in the light. 

Generally, the noise is largest for R , . However, the op-amp flicker noise may be larger for R , . When 

calculating the noise then, we must take the greater of the two. Here we assume that the noise will be 

greater for R ,  and use that in the remainder of our calculations. We also assume the op-amp has a first-

order roll-off characteristic of the op-amp so that K = 1.57. 

The voltage noise has two components: broadband noise and flicker noise. The broadband voltage noise is 

215  

𝑉 , = 𝑣 , 𝐵  (215) 

where v ,  is the voltage noise density. The flicker noise is given by: 

216  

𝑉 , = 𝑣 , 𝑓 ln
𝐵

𝑓
 (216) 

where v ,  is the voltage noise density at the frequency f , and f  is the low cut-off frequency, usually 

around ~0.1Hz in most practical applications. The current noise in the op amp is broadband noise and is 

given by: 

217  

𝑉 , = 𝑖 𝑅 𝐵  (217) 

The total noise is then: 

218  

𝑉 , = 𝐺 4𝑘𝑇𝑅 B + 𝑉 , + 𝑉 , + 𝑉 ,  (218) 

The SNR is given by: 



76 
 

219  

𝑆𝑁𝑅 =
𝑉 ,

𝑉 ,

 (219) 

From (219), we can see that the SNR is increased as R  is increased due to the increase in gain. However, 

the gain can only be increased until the signal reaches saturation. The optimal R  is then: 

220  

𝑅 = 𝑅
𝑉

𝑉
− 1  (220) 

  

 

Figure 37: Voltage divider circuit for photodetector. 

 Voltage dividers are more commonly used in resistive sensor systems. Here we will derive the 

SNR for the voltage divider circuit shown in Figure 37. The photovoltage signal is given by 

221  

𝑉 , =
𝑉

√2

𝑅

𝑅 + 𝑅
−

𝑅

𝑅 + 𝑅
 (221) 

For now, we will assume that we are operating at a frequency where the thermal noise is dominant. The 

RMS noise is given by: 

222  

𝑉 , = 4𝑘𝑇𝑅 B (222) 

Then, the power SNR is: 
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223  

𝑆𝑁𝑅 =
𝑉 ,

𝑉 ,

 (223) 

We can optimize this SNR by taking the derivative of (223) with respect to R , setting it equal to 0, and 

solving for the optimal bias resistance, R , : 

224  

𝑅 , =
1

4
8𝑅 𝑅 + 𝑅 − 𝑅 (224) 

We can now compare the SNR values of these 3 circuits. To do this, we set all circuits to have the 

same bandwidth and power consumption. To control for the effect of applied voltage on the SNR, we set 

the supply voltages such that all circuits have the same average power consumption. The average power 

dissipated for the resistor is: 

225  

𝑃 , =
1

2
𝑉

1

𝑅
+

1

𝑅
 (225) 

The average power for the TIA is: 

226  

𝑃 =
𝑉

2

1

𝑅
+

1

𝑅
+ 𝑉 𝐼  (226) 

where I  is the quiescent current. Finally, the voltage divider average power consumption is: 

227  

𝑃 , =
1

2
𝑉

1

𝑅 + 𝑅 ,
+

1

𝑅 + 𝑅 ,
 (227) 

 Figure 38 shows the SNR as a function of the dark resistance for the three circuits using the 

parameters in Table 9. The SNR, power dissipation, and bandwidth for the TIA is calculated first using 

the optimized biasing resistor given by (220). The power dissipation is then used to calculate the biasing 

voltage for the other two circuits, and the closed-loop bandwidth calculated from the TIA is used to 

calculate the thermal noise for the voltage divider and the resistor. The voltage divider uses the optimized 

biasing resistor given by (229). 
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Table 9: Photoconductor and OPA627 Op-amp parameters [72] for calculations in Table 9. 

𝑹𝒑𝒉𝒍 (𝛀) 𝑽𝒄𝒄 (𝑽) 𝑽𝒔,𝑻𝑰𝑨 (𝑽) 𝑩𝟎 (𝑴𝑯𝒛) 𝒗𝒏,𝑩𝑩 (𝒏𝑽/√𝑯𝒛) 𝒗𝒏,𝒇 (𝒏𝑽/√𝑯𝒛) 

10 20 10 16 5 50 

𝒇𝟎 (𝑯𝒛) 𝑰𝑸 (𝒎𝑨) 𝒊𝑩𝑩 (𝒇𝑨/√𝑯𝒛) 

1 7 16 

 
Figure 38: SNR for parameters shown in Table 9. 

 The plot shows that the SNR of both the voltage divider and the TIA differ significantly from that 

of the resistor. This is because the dark resistance contributes significantly to the voltage noise in both 

systems, and an increase in the dark resistance will increase the noise through (217) and (222). This 

means that (209) is not a good representation of the actual SNR in a practical application, and the dark 

current is not a good metric for characterizing the noise in photoconductors. Note that the SNR values are 

very large because the resistor noise is very small. For a 10Ω resistor with a 16MHz bandwidth, the noise 

current amplitude from (206) is 163nA. This is very small compared to the photocurrent signal. Note that 

the flicker noise and R-G noise are not considered in Figure 38, and the inclusion of these terms would 

further decrease the SNR. We have not included these terms because the purpose of the plot is to show 

that the traditional method of analyzing photoconductor noise deviates significantly from that seen in 

actual photodetector application circuits. 
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Figure 38 also shows that the voltage divider circuit outperforms the TIA at every point. Figure 

39 shows the TIA compared to the voltage divider for different values of R . Figure 39 (a) shows the 

case for an ideal op-amp with no noise or power dissipation. The voltage divider outperforms the op-amp 

except for values of R  close to R , however this is only a slight deviation. Figure 39 (b) is the same 

plot but with a real op-amp. Here we use a relatively low-noise op-amp. The voltage divider outperforms 

the TIA at every value of R , and outperforms the TIA by several orders of magnitude in some cases. 

Figure 40 compares the performance between the two circuits as a function of the other two degrees of 

freedom: the supply voltages. In all cases, the voltage divider outperforms the TIA. The TIA has several 

other disadvantages. In the cases shown in Figure 39, the signal is operating at the saturation value of the 

op-amp. For many op-amps, the signal will be degraded close to the saturation value. In addition, since 

the device is operating at saturation, any increase in the input power (decrease in R ) will not increase 

the signal and will degrade the SNR. Finally, the power dissipated by the photoconductor is higher in the 

TIA, which may lead to significant heating which will increase thermal noise and could degrade the 

photoresponse. 

 

Figure 39: (a) SNR for TIA with ideal op-amp compared to voltage divider (VD); (b) SNR for TIA with op-amp 
parameters given in Table 9 compared to VD. 
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Figure 40: (a) SNR as a function of 𝐕𝐬 for 𝐑𝐩𝐡𝐥 = 𝟏𝟎𝟎𝛀, 𝐑𝐩𝐡𝐝 = 𝟏𝐤𝛀, 𝐕𝐜𝐜 = 𝟐𝟎𝐕, and 𝐁𝟎 = 𝟏𝟔𝐌𝐇𝐳,  𝐯𝐧,𝐁𝐁 = 𝟓𝐧𝐕/√𝐇𝐳, 

𝐯𝐧,𝐟 = 𝟓𝟎𝐧𝐕/√𝐇𝐳, 𝐢𝐁𝐁 = 𝟏. 𝟔𝐟𝐀/√𝐇𝐳 at 𝐟𝟎 = 𝟏𝐇𝐳, 𝐈𝐐 = 𝟕𝐦𝐀 (b) SNR as a function of 𝐕𝐜𝐜 for 𝐑𝐩𝐡𝐥 = 𝟏𝟎𝟎𝛀, 𝐑𝐩𝐡𝐝 = 𝟏𝐤𝛀, 

𝐕𝐬 = 𝟏𝟎𝐕, and 𝐁𝟎 = 𝟏𝟔𝐌𝐇𝐳,  𝐯𝐧,𝐁𝐁 = 𝟓𝐧𝐕/√𝐇𝐳, 𝐯𝐧,𝐟 = 𝟓𝟎𝐧𝐕/√𝐇𝐳, 𝐢𝐁𝐁 = 𝟏. 𝟔𝐟𝐀/√𝐇𝐳 at 𝐟𝟎 = 𝟏𝐇𝐳, 𝐈𝐐 = 𝟕𝐦𝐀. 

 The voltage divider is clearly the best circuit for optimizing the SNR of photoconductor circuits. 

However, the photoresponsivity does not characterize the performance of the voltage divider circuit. 

Figure 41 shows a plot of the voltage divider SNR vs the ratio of the dark resistance to the illuminated 

resistance for two circuits: one with R = 10Ω and the other with R = 100Ω. Both are in series with 

a resistor optimized for the SNR as given by (224), and both consume a power of 1mW and have a 

bandwidth of 1GHz. The plot shows that for SNR normalized to power consumption and bandwidth, the 

SNR depends only on the ratio of the dark to the illuminated resistance. Therefore, we will use the 

resistive gain to characterize photoconductor performance. Additionally, we redefine the 

photoresponsivity in terms of the photovoltage produced by the voltage divider circuit: 

228  

ℛ ≡
𝑉 ,

𝐼
 (228) 

This metric captures the effect of applied voltage and illumination intensity on the photodetector signal. 

Although applied voltage can increase the SNR, it also increases the current which can cause heating and 

change, for example, the carrier concentration and therefore the output signal. Instead of normalizing to 

optical power as is done with the current photoresponsivity metric, we normalize to illumination intensity. 
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This is because the resistive gain is a function of the illumination intensity and does not change as a 

function of device area (assuming the entire device area is uniformly illuminated). If we were to 

normalize to P , ℛ  could be arbitrarily increased by decreasing the device area even though the 

resistive gain would remain the same. 

 
Figure 41: SNR for voltage divider with 1mW of power consumption and 𝐁 = 𝟏𝐆𝐇𝐳. 

 Metal oxides also differ from traditional photodetectors in that they do not have a single dark 

current (or in this case, resistance) value. We have already shown that adsorption is a very slow process, 

thus the dark resistance can change over a very long time. Therefore, selection of the ‘dark resistance’ 

must be coupled with a recovery time measurement. This will be discussed in more detail in Section 4.2. 

4.1 Resistive and Photoconductive Gain 

 The resistive gain is given by the ratio of the resistance in the dark to the resistance under 

illumination:  

229  

𝐺 =
𝑅

𝑅
 (229) 

In PD planar devices, this equation can be simplified. Assuming the depletion approximation, (229) 

simplifies to: 
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230  

𝐺 =
𝑊 − 𝑊 ,

𝑊 − 𝑊 ,
 (230) 

where W ,  is the depletion width under illumination and W ,  is the depletion width in the dark. Figure 

42 shows a plot of the resistive gain and dark resistance as a function of device width for a planar device 

with parameters given by Table 1 and Table 10. The illuminated depletion width is calculated from the 

illuminated steady-state adsorbed concentration given by (78). The plot shows that the gain increases as 

the device width approaches W ,  and the device approaches complete depletion. However, the resistance 

in the dark also increases. Although the dark resistance does not affect the resistive gain, it will affect the 

noise and the output impedance of the voltage divider circuit. In applications, the voltage divider will be 

probed directly by an oscilloscope or have buffer stage after it. Generally, the scope or the buffer have a 

large but finite impedance of about 1MΩ to 1GΩ. The dark resistance must be smaller than this input 

impedance to ensure the signal is not degraded. Additionally, there will be some input current noise from 

a buffering op amp which will flow through the photoconductor. The voltage noise generated from this 

will be proportional to the dark resistance. Therefore, while the largest resistive gain is achieved for W =

W , , for practical applications the device cannot operate with this geometry. 

Table 10: Device parameters for calculation in Figure 42. The value 𝐪𝐜,𝐝 is the adsorbed concentration in the dark. 

𝒒𝒄,𝒅 𝒄𝒎 𝟐  𝑰𝒐𝒑𝒕 𝑾/𝒄𝒎𝟐  𝝁𝒏 (𝒄𝒎𝟐/𝑽𝒔) 𝒍 (𝒄𝒎) 𝒅 (𝒄𝒎) 𝜶 𝒄𝒎 𝟏  

7 × 10  1 200 1 × 10  1 × 10  1.414 × 10  
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Figure 42: Resistive gain and dark resistance as a function of device width for a device with parameters given by Table 1 

and Table 10. 

 One method of achieving high gain with lower resistance values is to employ a completely 

depleted device geometry. Figure 43 shows the gain and the dark resistance as a function of oxide 

thickness for the parameters given by Table 1 and Table 10. To ensure the device is well within the CD 

mode of operation is the dark, we set the width of each device to be slightly smaller than depletion width 

of the device after 1 second of adsorption with an initial condition of q (0) = 0. That is: 

231  

𝑊 = 0.98 ∗
𝑞 (𝑡 = 1)

𝑛
, 𝑞 (0) = 0 (231) 

The plot shows that as the oxide thickness decreases, both the gain and the dark resistance decrease. This 

is because the CD device geometry enables some of the adsorbing electrons to come from the metal back 

gate rather than the semiconductor, leaving charge for conduction in the channel while adsorption 

continues. As the oxide thickness decreases, more charge is placed on the back gate, increasing the 

semiconductor conductance. 
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Figure 43: Gain and dark current for device with width 𝐖 = 𝟔𝟖. 𝟔𝐧𝐦 and parameters given by  Table 1 and Table 10. 

 To determine the effect of carrier concentration on the gain, we calculate the gain for several PD 

devices. The adsorbed concentration is set to an initial value of 0 in each case. Then, the adsorbed 

concentration after 1 second is calculated and the corresponding depletion width is calculated. This 

depletion width is the dark depletion width, W , . Then, the steady-state depletion width under 

illumination, W ,  is calculated. The semiconductor thickness is set to W = W ,  to maximize the 

resistive gain. Because this would result in an infinite gain, we calculate the ratio of the gains to compare 

them. The reference gain, G , is arbitrarily chosen as the gain for n = 1 × 10 cm . The ratio of the 

gain is then calculated as: 

232  

𝐺

𝐺
=

𝑊 − 𝑊 ,

𝑊 − 𝑊 ,
 (232) 

where W  is the width of the reference device and W ,  is the illuminated depletion width of the 

reference device. The results are shown in Figure 44(a). For PD devices, the gain decreases with 

increasing carrier concentration. The reason for this is demonstrated in Figure 44(b) which shows the 

depletion width relative to a reference depletion width, W . The reference depletion width is set to the 

depletion width in a PD device for n = 1 × 10 cm  after 1 second. The depletion widths for the other 
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devices are calculated after 1 second as well. The plot shows that the depletion width decreases with 

carrier concentration. The ratio between the depletion widths can be modeled approximately as: 

233  

𝑊(𝑛 )

𝑊(𝑛 )
≈ 3.1  (233) 

where n  is the reference carrier concentration. Thus, the gain increases with decreasing carrier 

concentration because the change in the depletion width is much larger. 

Table 11: Device parameters for Figure 44. The adsorbed concentration in the dark is the adsorbed concentration after 1 
second for an initial concentration of 0. The device width is the depletion width corresponding to the adsorbed 

concentration in the dark. 

𝒌𝒏 (𝒄𝒎𝟑/𝒔) 𝑵𝑻 𝒄𝒎 𝟐  𝑰𝒐𝒑𝒕 𝑾/𝒄𝒎𝟐  𝒒𝒄,𝒅 𝒄𝒎 𝟐  𝑾 (𝒄𝒎) 𝝐𝒓 𝜶 𝒄𝒎 𝟏  

1 × 10  1 × 10  1 𝑞 (𝑡 = 1) 𝑞 , /𝑛  8.4 1.414 × 10  

 

 
Figure 44: (a) Gain relative to the reference gain at 𝐧𝐛 = 𝟏 × 𝟏𝟎𝟏𝟒𝐜𝐦 𝟑; (b) Depletion width relative to the reference 

depletion width for 𝐧𝐛 = 𝟏 × 𝟏𝟎𝟏𝟒𝐜𝐦 𝟑, fit is calculated with (233); Both plots calculated using parameters in Table 11.  

 The dependence of gain on carrier concentration in the CD case is different from the PD case. To 

compare the gains in CD devices with different carrier concentrations, we use the parameters in Table 12. 

Then, the dark resistance is calculated as the resistance in the device after 1 second of adsorption with an 

initial condition of q (0) = 0. The illuminated resistance is calculated as the resistance for the 



86 
 

illuminated steady-state adsorbed concentration. The width of the device is adjusted to ensure operation in 

complete depletion in the dark. 

Table 12: Device parameters for Figure 45. The adsorbed concentration in the dark is the adsorbed concentration after 1 
second for an initial concentration of 0. The device width is the depletion width corresponding to the adsorbed 

concentration in the dark. 

𝒌𝒏 (𝒄𝒎𝟑/𝒔) 𝑵𝒕 𝒄𝒎 𝟐  𝑰𝒐𝒑𝒕 𝑾/𝒄𝒎𝟐  𝒒𝒄,𝒅 𝒄𝒎 𝟐  𝑾 (𝒄𝒎) 𝝐𝒓 𝜶 𝒄𝒎 𝟏  

1 × 10  1 × 10  1 𝑞 (𝑡 = 1) 0.98(𝑞 , /𝑛 ) 8.4 1.414 × 10  

 

 
Figure 45: Gain as a function of carrier concentration for CD case with parameters given by Table 12 and 𝐭𝐨𝐱 = 𝟏𝟎𝟎𝐧𝐦. 

 Figure 45 shows that for the CD case, the gain increases with increasing carrier concentration. 

This is because in CD the dark resistance increases much faster for larger carrier concentrations. This also 

means that the dark resistance will be much larger, so the tradeoff between dark resistance and gain will 

need to be considered carefully in device design. 

 The effect of dielectric permittivity on the gain is calculated for the PD case using Table 1 and 

Table 10. The device width is set to twice the dark depletion width to ensure the device remains in PD. 

For the CD case, the parameters in Table 12 are used. The dielectric permittivity is varied within the 

range of metal oxides commonly used in UV photodetectors [73]–[84]. The plots are shown in Figure 46. 
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The relative dielectric permittivity has a small effect on the gain within the given range. It increases 

somewhat in the CD case, and potentially for special materials with very high dielectric permittivity there 

would be a significant increase in gain. A plot of the gain vs the adsorption constant is constructed with 

the same devices and is shown in Figure 46. The range of adsorption rate constants is somewhat arbitrary 

since they have not been characterized for most metal oxides. However, within a large range of k  there is 

very small change in gain for both cases. The number of traps, N , will have a similar effect on gain as 

the adsorption rate constant, so it is not plotted here. 

 
Figure 46: (a) Gain as a function of dielectric permittivity; (b) Gain as a function of the adsorption constant. 

 The gain of a nanowire is given by: 

234  

𝐺 , =
𝑟 − 𝑟 ,

𝑟 − 𝑟 ,

 (234) 

where r ,  is the radius of the depletion width under illumination and r ,  is the radius of the depletion 

width in the dark. Nanowires have similar trends in gain compared to the PD planar devices. Their gain is 

maximized for the radius equal to the depletion width in the dark, and their gain has a similar dependence 

on material parameters as the PD planar case. However, it is difficult to say which nanowire geometry is 

comparable to a given planar geometry, and therefore it is difficult to compare their gain. It is also 

difficult to compare nanowires of different radii to each other because their geometry cannot be changed 
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to ensure they deplete at the same time. We compare the gain for nanowires of different radii without 

optimized geometry in Figure 47. The nanowires have the parameters shown in Table 1 and Table 13. The 

depletion width in the dark is calculated as the depletion width after 0.1 millisecond from an initial 

condition of q (0) = 0. The illuminated depletion width is calculated with (129). All incident photons are 

assumed to be absorbed and photogenerated holes homogenously distributed across the surface – that is, 

L = I /hν. The results show that the gain increases with decreasing nanowire radius. 

Table 13: Material parameters for calculations in Figure 47. 

𝑰𝒐𝒑𝒕 𝑾/𝒄𝒎𝟐  𝜶 𝒄𝒎 𝟏  𝒒𝒄,𝒅 𝒄𝒎 𝟐  𝝀 (𝒏𝒎) 

1 1.414 × 10  𝑞 (𝑡 = 0.1𝑚𝑠) 340 

 

 
 

Figure 47: Gain as a function of nanowire radius for parameters shown in Table 13. 

To compare nanowires to planar devices, we examine a nanowire and a planar device both with 

optimized geometry – that is their theoretical resistance in the dark is infinite. The ratio of the planar gain 

to the nanowire gain is then the ratio of their illuminated resistances: 

235  

𝐺 ,

𝐺 ,
=

𝜋 𝑟 − 𝑟 ,

𝑑 𝑊 − 𝑊 ,

 (235) 
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where r is the radius of the nanowire, and r ,  is the radial depletion width of the nanowire under 

illumination. The ratio of the gains is dependent not only on the change in the depletion widths but also 

the depth of the planar device. We examine the ratio of gains for a range of depths which are reasonable 

within the limits of fabrication technology and common within photodetector devices. The calculations 

are done using the parameters in Table 1 and Table 14. The nanowire is assumed to absorb all incident 

photons and distribute the photogenerated holes homogenously across the surface. The results are shown 

in Figure 48. The nanowire gain is greater than the planar gain for the depth less than about 1μm. As the 

planar device is made larger, the overall resistance decreases. However, increasing the depth will increase 

the device area. This may degrade the signal if the incident beam is smaller than the total device area. 

Table 14: Parameters for calculations in Figure 48. The adsorbed concentration in the dark, 𝐪𝐜,𝐝 is set to ensure both 
devices are in CD. 

𝒒𝒄,𝒅 𝒄𝒎 𝟐  𝒓 (𝒏𝒎) 𝑾 (𝒏𝒎) 𝑰𝒐𝒑𝒕 (𝑾/𝒄𝒎𝟐) 𝜶 (𝒄𝒎 𝟏) 𝝀 (𝒏𝒎) 

𝑞 (0.87𝑛𝑠) 75 36.2 100 1.414 × 10  340 

 

 
Figure 48: Ratio of nanowire gain to planar gain as a function of planar device depth. 

 Experimental measurements of the gain are consistent with the theoretical analysis presented in 

this section. Figure 49(a) shows the resistive gain for ZnO thin films fabricated with RF magnetron 
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sputtering with different thicknesses, and Figure 49(b) shows the gain for ZnO thin films fabricated with a 

sol-gel method. Both show a trend of increasing gain with decreasing thickness. For the sol-gel fabricated 

thin films, there is a sharp increase in the gain around a thickness of 785nm, as would be expected as the 

device thickness approaches the dark depletion width thickness. For smaller thicknesses however the gain 

starts to decrease. This may be due to a change in the carrier concentration with film thickness. 

 

Figure 49: Experimental measurements of ZnO thin film resistive gain as a function of thickness, (a) deposited by 
magnetron sputtering [85], and (b) deposited by sol-gel method [86]. 

Figure 50 shows a comparison of the performance of ZnO nanowires as a function of nanowire 

diameter. These nanowires all have contacts such that current flows along the length of the nanowire 

rather than through the nanowire walls as with vertical nanowire films. The nanowires are illuminated 

with different illumination intensities, so we normalize their gain to the illumination intensity: 

236  

𝐺 =
𝐺

𝐼
 (236) 

As discussed previously, this accounts for the increase in gain with increasing illumination intensity. The 

plot shows that in general the gain tends to increase with decreasing nanowire diameter. 
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Figure 50: Intensity normalized gain as a function of nanowire diameter for various ZnO nanowires created with 
different fabrication processes [9], [69], [87], [88]. 

 Figure 51 shows a comparison the performance of various ZnO photoconductors. This is an 

updated version of Figure 1 considering the discussion on photoconductor performance metrics given in 

this chapter. It is somewhat difficult to compare the performance of these devices from the cited papers 

for various reasons. First, the performance of the device depends strongly on the humidity as discussed in 

Section 3.10.3 and experimentally shown in [69]. In the majority of papers, the atmospheric conditions 

are not measured so the effect of humidity on the measured performance cannot be included. Second, 

each of these devices is measured under a different illumination intensity. While the illumination 

normalized gain helps somewhat to represent the effect of the illumination intensity on the gain, the gain 

is not linearly dependent on the illumination intensity and therefore the metric fails to give an accurate 

comparison between devices. Finally, because there is no single dark current value for most of these 

devices, the recovery times are chosen arbitrarily. That is, each of these devices could be just as easily 

operated at shorter or longer response times in exchange for a decrease or increase in gain. 

 Despite the difficulties in comparing devices, Figure 51 does show some trends. Nanowire 

devices tend to have higher gain than the thin film devices. The nanoparticle films (labeled as ‘ZnO 
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QDs’) tend to have lower gain than the thin film and nanowire devices. The ZnO/Graphene 

nanocomposite devices have both the largest gain and lowest response times in the plot.  

 

Figure 51: Intensity normalized gain as a function of recovery time for various ZnO photoconductor devices [9], [11], 
[13], [41], [43], [50], [69], [85]–[91]. 

The analysis in this section shows that the most important parameters for controlling the gain are 

the carrier concentration, the device thickness, the oxide thickness, and the surface curvature. In general, 

there is a tradeoff between the gain and the dark resistance. The dark resistance should be made small 

enough that the output impedance of the voltage divider is much smaller than the input impedance of the 

following stage and that the input noise current does not generate a large noise voltage across it. 

4.2 Response Time, Bandwidth, and Optical Bode Plots 

 Unlike in traditional photodetectors with an exponential transient response, metal oxide 

photoconductors do not have a single response time that accounts for both the rise and fall time. The 

photodesorption transient is generally linear with a slope proportional to the illumination intensity. The 
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desorption transient is determined by the relevant adsorption equation. In addition, because adsorption 

takes a very long time to reach equilibrium, there is not necessarily a practical steady-state dark resistance 

that can be defined. Therefore, the response time cannot be defined independently of the dark resistance, 

and it will change depending on the chosen dark resistance. To calculate the response time for a given 

illumination intensity, we first select the dark resistance. The rise time, τ , is then the time it takes for the 

device to change from the chosen dark resistance to 95% of the illuminated resistance, and the fall time, 

τ , is the time for the device to change from the illuminated resistance to the dark resistance. A plot of this 

is shown in Figure 52. There are then multiple possible response times depending on the dark resistance 

chosen. For planar devices, the rise time is given by (85) and the fall time is given by (45). Note that the 

rise time for the photocurrent, τ , is referred to as the fall time for the adsorbed concentration, t , and 

similarly for the photocurrent fall time. We refer to the illuminated response time here as the rise time and 

discuss the photocurrent instead of the photoresistance to remain consistent with other photodetector 

literature. The maximum between τ  and τ  is called the response time, τ, because it is the limiting factor 

in the response time. 

 

Figure 52: Photocurrent and response time definitions. 
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 Although the response time could be defined at an on-current that is not at the illuminated steady-

state, we define it as such here because it is the on-current that maximizes the response. This is because 

the adsorption rate is much higher at I  than for any current less than I  and thus will maximize the 

change in current. 

 We can use these definitions to calculate device performance metrics as a function of optical 

frequency. To do this, we first specify an optical power incident on the device. Then for the given optical 

power, the steady-state illuminated adsorbed concentration is calculated. Then, the rise and fall response 

times to each adsorbed concentration value greater than the steady-state is calculated. The optical 

frequency is defined as the maximum of the two response times. The performance metrics are calculated 

from the dark resistance corresponding to the adsorbed concentration at the given frequency.  

The performance metrics for a PD device and the parameters given by Table 1 and Table 15 are 

shown in Figure 53. The biasing resistor is arbitrarily set to 1kΩ. The gain, dark resistance, SNR, and 

photovoltage all decrease with increasing frequency as the dark resistance approaches the illuminated 

resistance. The average power consumption increases as the dark resistance decreases, increasing the 

current through the voltage divider. The most important feature of these bode plots however is that they 

do not have a pass band. This is because the dark resistance does not have a steady-state value but instead 

continues to decrease with decreasing frequency. The device then does not have a well-defined 

bandwidth. However, because there is not a well-defined bandwidth (or equivalently, single response 

time), the standard noise equations for photoconductors have to be redefined. Generally, the bandwidth in 

the thermal noise term given by (206) and the shot noise given by (207) is defined by the minority carrier 

recombination lifetime of the photodetector. We cannot define such a term here. In practical applications, 

the bandwidth can be defined simply as the electrical bandwidth of the noise filter. This allows us to 

easily calculate the thermal noise. However, the shot noise is based on bulk recombination-generation. 

Recombination due to adsorption cannot be represented by the same statistics as that for bulk-

recombination, so the shot noise term defined by (207) cannot be used. In order to characterize noise due 
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to fluctuations in generation and recombination, a new shot noise term based on the adsorption equation 

must be derived. 

Table 15: Parameters for calculations in Figure 53. 

𝑾 (𝒖𝒎) 𝑰𝒐𝒑𝒕 𝑾/𝒄𝒎𝟐  𝜶 𝒄𝒎 𝟏  𝝀 (𝒏𝒎) 𝑽𝒂 (𝑽) 𝒅 (𝝁𝒎) 𝒍 (𝝁𝒎) 𝑹𝒃 (𝒌𝛀) 

1 1 × 10  1.414 × 10  340 1 1 1 1 

 

 

Figure 53: Performance metrics as a function of optical frequency for parameters in Table 1 and Table 15. (a) Resistive 
gain, (b) dark resistance, (c) SNR and average power consumption for voltage divider circuit, voltage measured across 

biasing resistor and using a bandwidth of 1MHz (d) photovoltage and voltage responsivity for the voltage divider circuit. 
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 The performance metrics for a similar CD device is shown in Figure 54. The gain and dark 

resistance increase compared to the device in Figure 53 for each operating frequency. The SNR does not 

appear to increase significantly because the power dissipation is smaller than that in Figure 53 (d). For the 

same power consumption, the SNR would be significantly higher. The kinks in the plot occur because 

two different sets of equations are used to calculate the resistance depending on if the device is PD or CD.  

 

Table 16: Parameters for CD device shown in Figure 54. 

𝒕𝒐𝒙 (𝒏𝒎) 𝑾 (𝒏𝒎) 𝑰𝒐𝒑𝒕 𝑾/𝒄𝒎𝟐  𝜶 𝒄𝒎 𝟏  𝝀 (𝒏𝒎) 𝑽𝒂 (𝑽) 𝒅 (𝝁𝒎) 𝒍 (𝝁𝒎) 𝑹𝒃 (𝒌𝛀)

100 100 1 × 10  1.414 × 10  340 1 1 1 1 
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Figure 54: Performance metrics as a function of optical frequency for parameters in Table 1 and Table 16. (a) Resistive 
gain, (b) dark resistance, (c) SNR and average power consumption for voltage divider circuit, voltage measured across 
biasing resistor with a bandwidth of 1MHz, and (d) photovoltage and voltage responsivity for the voltage divider circuit. 

4.3 Minimum Detectable Power 

 The minimum detectable power is determined not only by the SNR, but also by the adsorption 

rate. If the photodesorption rate is less than the adsorption rate, the photo-resistance will not decrease but 

continue to increase until the adsorption and desorption rates are equal. Therefore, the minimum 

detectable power is determined by the adsorption rate. In planar devices, the adsorption rate can be 

converted into the corresponding equivalent optical power through the equation: 

237  

𝐼 , = 𝑅 ℎ𝜈 (237) 
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It is useful to plot the minimum detectable optical power over time to determine if the device will meet 

certain application requirements. Figure 55 shows the minimum detectable optical power over time for 

partially depleted devices as a function of carrier concentration. The plot shows that the minimum 

detectable optical intensity decreases faster for higher carrier concentrations. The dependence of the 

minimum detectable optical intensity on the adsorption constant is shown in Figure 56. It shows that the 

adsorption constant has a small impact on the minimum detectable optical intensity. 

Table 17: Parameters for Figure 55. 

𝑾 (𝝁𝒎) 𝒒𝒄(𝟎) 𝒄𝒎 𝟐  𝒌𝒏 (𝒄𝒎𝟑/𝒔) 𝑵𝑻 𝒄𝒎 𝟐  𝝐𝒓 𝜶 𝒄𝒎 𝟏  𝝀 (𝒏𝒎) 

1 0 1 × 10  1 × 10  8.4 1.414 × 10  340 

 

 

Figure 55: Minimum detectable optical intensity for parameters given in Table 17. 

   



99 
 

 

Figure 56: Minimum detectable optical power for different adsorption rate constants. Parameters are given in Table 17 
and 𝐧𝐛 = 𝟏 × 𝟏𝟎𝟏𝟕𝐜𝐦 𝟑. 

 Figure 57 compares the minimum detectable optical power for the PD device in Table 17 and the 

CD device in Table 18. Both devices have n = 1 × 10 cm . As shown in Figure 57, for a backgate 

voltage of 0, the minimum detectable optical intensity decreases much faster than the PD device. This is 

because some of the charge for adsorption comes from the metal backgate. For a backgate voltage of 

0.5V, the optical intensity decreases significantly faster, reaching ~0.01nW/cm  about 10 microseconds. 

This is a significant advantage for applications which require detection of low optical powers at high 

speeds. The disadvantage of applying backgate voltage is that it creates a very large voltage drop across 

both the metal oxide and the insulating back gate oxide, and dielectric breakdown might occur. 

Table 18: Parameters for CD devices in Figure 54. 

𝑾 (𝒏𝒎) 𝒒𝒄(𝟎) 𝒄𝒎 𝟐  𝒌𝒏 (𝒄𝒎𝟑/𝒔) 𝑵𝑻 𝒄𝒎 𝟐  𝝐𝒓 𝜶 𝒄𝒎 𝟏  𝝀 (𝒏𝒎) 𝒕𝒐𝒙 (𝒏𝒎) 

50 0 1 × 10  1 × 10  8.4 1.414 × 10  340 100 
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Figure 57: Minimum detectable optical intensity for completely depleted device (Table 18) and partially depleted device 
(Table 17) and 𝐧𝐛 = 𝟏 × 𝟏𝟎𝟏𝟕𝐜𝐦 𝟑. 

 Figure 58 shows the minimum detectable optical power for nanowires of different radii. In these 

calculations, we assume all incident photons are absorbed to demonstrate the best possible performance 

(for example, if the nanowires are placed on a reflecting surface). The plot shows that the minimum 

detectable optical intensity decreases with decreasing nanowire radius. It also shows that for small 

nanowire radii, there is a minimum detectable limit. This occurs when the device becomes completely 

depleted. As the nanowires becomes smaller, the rate of adsorption decreases much faster, but there is 

also a smaller volume of electrons to enable adsorption. This is represented by a saturation in the plot. 

Note that technically the rate of adsorption goes to zero at the onset of complete depletion, but the release 

of a single electron from the surface due to any illumination intensity will set the adsorption rate to the 

saturation limit shown in the figure. Thus, the practical detection limit is given by the adsorption rate at 

the onset of CD. Figure 59 compares the nanowire device performance to the planar device performance. 

The nanowires can detect lower optical intensities than the planar devices assuming the nanowires absorb 

100% of the incident light. Figure 60 shows the effect of partial absorption due to (127) on the minimum 

detectable optical intensity. As expected, there is a significant increase in the detectable power. 
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Table 19: Parameters for Figure 58. 

𝒏𝒃 𝒄𝒎 𝟑  𝒒𝒄(𝟎) 𝒄𝒎 𝟑  𝒌𝒏 (𝒄𝒎𝟑/𝒔) 𝑵𝑻 𝒄𝒎 𝟑  𝝐𝒓 𝜶 𝒄𝒎 𝟏  𝝀 (𝒏𝒎) 

1 × 10  0 1 × 10  1 × 10  8.4  1.414 × 10  340 

 

 

Figure 58: Minimum detectable optical power over time for nanowires with parameters given in Table 19. 

 

Figure 59: Comparison of minimum detectable optical intensity for nanowire with 𝐫 = 𝟏𝟎𝟎𝐧𝐦 and parameters in Table 
19 and PD planar device with parameters in Table 17 and 𝐧𝐛 = 𝟏 × 𝟏𝟎𝟏𝟕𝐜𝐦 𝟑. 
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Figure 60: Effect of partial absorption according to (127) on minimum detectable optical intensity. Parameters are given 
in Table 19 and 𝐫 = 𝟏𝟎𝟎𝐧𝐦. 

4.4 Device Design for Bacterial Fluorescence 

 The previous sections provide us with tools for designing metal oxide photodetectors for bacterial 

fluorescence detection. The plots from the prior section indicated that achieving a minimum detectable 

intensity of 1nW/cm2 in nanosecond speeds is not feasible with standard planar or nanowire devices. 

However, based on Figure 57 the CD devices have the ability to achieve low detectable powers at high 

frequencies by applying a positive back gate bias to increase the adsorption rate. Figure 61 shows the 

minimum detectable optical intensity for Table 1 and Table 20 and a backgate bias of 1V. The device is 

able to reach well below 1nW/cm2 in under a nanosecond. 

Table 20: Parameters for Figure 61. 

𝑾 (𝒏𝒎) 𝒕𝒐𝒙 (𝒏𝒎) 𝜶 𝒄𝒎 𝟏  𝝀 (𝒏𝒎) 𝑽𝑩𝑮 (𝑽) 𝒒𝒄(𝟎) 𝒄𝒎 𝟐  

30 100 1.414 × 10  340 1 0 
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Figure 61: Minimum detectable optical intensity for CD device with backgate bias of 1V and parameters given by Table 1 
and Table 20. 

 However, the gain is also degraded when a positive backgate bias is applied. If the backgate is 

removed, however, the adsorbed concentration remains the same and a low minimum detectable intensity 

can be achieved with a higher gain. An example of this is shown in Figure 62. A backgate bias is turned 

on and off and the minimum detectable intensity is calculated at each time for V = 0V. While the bias 

is applied, the minimum intensity decreases rapidly, and after the bias is removed it remains constant.  

Table 21: Parameters for Figure 62. 

𝑾 (𝒏𝒎) 𝒕𝒐𝒙 (𝒏𝒎) 𝜶 𝒄𝒎 𝟏  𝝀 (𝒏𝒎) 

60 100 1.414 × 10  340 
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Figure 62: Minimum detectable intensity for a pulsed backgate. Parameters are from Table 1 and Table 21. 

An example of the photoresponse for a pulsed backgate CD device is shown in Figure 63. A 

backgate bias of 0.2V is applied to reduce the minimum detectable intensity. The backgate bias is 

removed to increase the response and the sample is illuminated from t=0.02s to 0.06s with 10μW/cm2. In 

bacterial fluorescence measurements, a phase-locked loop mode is often employed. The pulsing signal in 

this mode could be applied to the backgate in this mode to sensitize the device to low intensities, increase 

the gain, and reduce the response time. 

Table 22: Parameters for Figure 63. 

𝑰𝒐𝒑𝒕 (𝑾/𝒄𝒎𝟐) 𝒍 (𝝁𝒎) 𝒅 (𝝁𝒎) 𝝁𝒏 (𝒄𝒎𝟐/𝑽𝒔) 

1 × 10  1 100 200 
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Figure 63: Pulsed mode CD device for the parameters shown in Table 1 and Table 22. 

 To reach low intensities very quickly a CD nanowire could be fabricated as shown in Figure 64. 

As discussed in the previous section, the minimum intensity for nanowires decreases faster than planar 

devices, particularly for small radii. However, they completely deplete quickly, limiting their minimum 

detectable power. In a CD mode, the backgate would enable nanowires with small radii to continue 

adsorbing past complete depletion. However, these devices would need to be paired with a reflective 

material to reflect light that is not absorbed and increase the percent of absorption. 

 

Figure 64: CD nanowire cross-section schematic. 

 The resistance of these CD devices can be very high especially in low-mobility metal oxide 

materials. It may be advantageous then to form a heterojunction with a high mobility material such a 
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graphene to increase the resistance while maintaining the gain. As discussed in Section 3.9.1 and 3.9.2 the 

adsorption rate will mostly be controlled by the bulk material rather than the surface material, so the 

carrier concentration of channel material should be chosen according to the desired gain and adsorption 

rate while the UV-sensitive metal oxide surface layer should be made thick enough to ensure a sufficient 

percentage of the light is absorbed. These types of devices have already been created in a completely 

depleted form, but the back gate has not been used in a PLL circuit to decrease the response time and the 

minimum detectable intensity [92]. 

 Another limitation for detecting very low illumination intensities is that the rise time is 

proportional to the illumination intensity. This can be seen clearly in Figure 34. For optical intensities as 

low as 1nW/cm2, it may take on the order of seconds to reach steady-state, and operation at high 

frequencies will significantly degrade the signal. An alternate mode of operation is to place the metal-

oxide-semiconductor formed by the CD geometry in series with a resistor, as shown in Figure 65. and use 

the injection and ejection current to detect the signal at very fast speeds. The equation for the ejection 

current given by (203) indicates that the current under illumination will change almost immediately and 

be proportional to the illumination intensity. Realistically, the response time will be limited by the RC 

time constant determined by the back gate capacitance of the photoconductor and the series resistor.  
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Figure 65: Capacitive mode circuit. The dark blue sections indicate the contacts. 

 An example of the capacitive mode photoresponse is shown in Figure 66. A backgate voltage is 

applied while the illumination is off (both before and after). The effect of the biasing resistor is not 

included here. The response time is theoretically instantaneous, and the current is ~10nA. A biasing 

resistor of 1kΩ will give an output voltage of 10μV and a response time of 1μs. Note that no external 

power is applied to this circuit – it operates at 0V and generates its own power to produce a signal. 

Table 23: Parameters for Figure 66. Backgate voltage is pulsed only applied when the illumination is off. 

𝑾 (𝒏𝒎) 𝒕𝒐𝒙 (𝒏𝒎) 𝒍 (𝒄𝒎) 𝒅 (𝒄𝒎) 𝝁𝒏 (𝒄𝒎𝟐/𝑽𝒔) 

60 100 0.1 0.1 200 

𝑰𝒐𝒑𝒕 (𝑾/𝒄𝒎𝟐) 𝝀 (𝒏𝒎) 𝑽𝑩𝑮 (𝑽) 𝒒𝒄(𝟎) 𝜶 𝒄𝒎 𝟏  

1 × 10  340 0.3 0 1.414 × 10  
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Figure 66: Photoresponse of a capacitive mode circuit. Parameters given by Table 1 and Table 23. 

 One issue with this mode of operation is that the voltage developed across the biasing resistor will 

affect the adsorption rate and limit the response. Placing the device in a TIA as shown in Figure 67 will 

prevent this. Additionally, the larger the RC time constant, the more the current may be degraded due to a 

limitation of the adsorption rate. Finally, although the current is proportional to the device area, the device 

should be made no larger than the area of the incident illumination, otherwise the signal will be degraded. 

 

Figure 67: Capacitive mode device in a TIA circuit. 
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5. PARAMETER EXTRACTION AND FITTING 

5.1 Adsorption Rate Constant Measurement 

The material parameters required for characterization of the adsorption and photodesorption 

transients are the absorption coefficient α, the internal quantum efficiency η , the carrier concentration n , 

the dielectric permittivity of the semiconductor ϵ , the trap concentration N , and the adsorption rate 

constant k . In ZnO, the trap concentration at room temperature is generally considered to be a 

monolayer of oxygen with N ≈ 1 × 10  cm-2 [93], and this has been confirmed by thermal desorption 

experiments [37]. The capture cross-section of the trap has been measured for the ZnO 1010 face has 

been measured as σ = 1 × 10  [93], and σ = 1 × 10  [37]. The capture cross-section is related to 

the adsorption rate constant through the equation given by (4). However, these papers do not specify the 

method by which the capture cross-section is measured, the range is very large, and it has only been 

measured for a single face. Therefore, the adsorption rate constant needs to be measured for accurate 

modeling of metal oxide devices. Several methods of extracting the constant k  are possible. In this 

section we discuss new methods for characterization of the adsorption constant. 

5.1.1 Kelvin Probe Force Microscopy Measurement Method 

 One method to extract the adsorption rate constant is to measure the surface potential as a 

function of illumination. The steady-state surface potential can be measured using Kelvin Probe force 

microscopy while the device is under a known illumination intensity. A similar method is used in [48], 

however the systems and equations differ. From (69), we can write the steady-state surface potential 

under illumination as for a PD planar device: 

238  

𝑉 , =
𝑘𝑇

𝑞
ln

𝐿

𝑘 𝑁 𝑛
 (238) 

where L is the photodesorption rate. Then, the constant k N  can be calculated from the steady-state 

surface potential if the carrier concentration, incident optical illumination intensity, absorption coefficient, 
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and internal quantum efficiency are known. If the depletion width is large enough in both dark and 

illumination and all absorbed photons contribute to holes reaching the surface, then the photodesorption 

term can be given as: 

239  

𝐿 =
𝐼

ℎ𝜈
 (239) 

However, if the depletion width is not sufficiently large, the integral of the photogeneration term given by 

(72) must be used and the minority carrier diffusion length must be known as well. 

5.1.2 Current Measurement Method 

Another method is to plot ln (−dI/dt ) vs I, where I is the current during adsorption in the dark. 

A similar technique with an approximate form of (69) is used in [29]. The I-intercept of such a plot would 

yield: 

240  

ln −
𝑑𝐼

𝑑𝑡
| = ln

𝑉 σ𝑑

𝑙
𝑘 𝑁 −

𝑞 𝑛 𝑊

𝑘𝑇𝜖
  (240) 

where V  is the voltage between the contacts. This method has the advantage that the preceding 

illumination intensity does not need to be known. Thus, if a majority of photogenerated holes are not 

swept to the surface, the hole diffusion length does not need to be known. However, it has the 

disadvantage of error introduced through the calculation of a numerical derivative and requires small 

time-steps for good accuracy. Furthermore, if the second term on the right-hand side of Eqn. 240 is much 

larger than the first term, the product k N  cannot be accurately measured. 
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6. DEVICES 

6.1 ZnO Thin Film on Thermal Oxide 

 

Figure 68: CD ZnO UV photodetector device. 

 The CD ZnO UV photodetector device shown in Figure 68 was fabricated. The device consists of 

a ZnO thin film created by sol-gel method on top of a p-type thermal oxide Si wafer. The device was used 

to verify that the adsorption rate of the ZnO can be controlled with the backgate and to verify the 

existence of the injection and ejection current. 

 The thermal oxide wafer (purchased from MSE Suppliers) is a Boron-doped (100) p-Si wafer 

with a conductivity of ~0.01Ω-cm and a thermal oxide layer grown on top and polished. The thickness of 

the SiO2 layer is measured using ellipsometry as 351nm. The wafer is diced into ~1 cm2 pieces with a 

diamond scribe, and each piece is cleaned by rinsing in acetone, methanol, isopropanol, and DI water and 

dried with an N2 gun. A 700nm layer of Al is deposited on the backside of the samples via electron beam 

evaporation. 

 The ZnO thin film is created by the sol-gel method. Here, we follow the fabrication method 

outlined in [94]. The sol-gel solution is created by dissolving 6.48g of Zinc Acetate Dihydrate (ZAD) 
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(purchased from Carolina Biological) in 100mL of Methanol. The solution is heated to 62C in a reflux 

reaction and stirred continuously for 5 minutes until the solution is clear and the ZAD is fully dissolved. 

 The ZnO sol-gel solution is deposited onto the thermal oxide samples and spin-coated at 

5200RPM for 30s. Immediately after spin-coating, the samples are placed on a hot-plate and heated at 

120C for 10 minutes. Then, they are placed on the hot plate at 350C for 5 hours. After growth, they are 

stored in an airtight container with a desiccant. 

The thickness of the thin films is measured as 42nm using ellipsometry. To confirm the 

uniformity and orientation of the thin film, SEM images of the thin films are taken. Figure 69 and Figure 

70 show the SEM images of the thin film surface. They show many small columns of ZnO about 20nm in 

diameter with good uniformity. This is typical of most sol-gel ZnO thin films [94]–[96]. Hexagonal 

shapes can be seen in some of the columns, indicating c-axis orientation which is typical of ZnO sol-gel 

films [95]. However, X-Ray diffraction (XRD) measurements should also be taken to confirm the 

orientation. 

 

Figure 69: SEM image of ZnO thin film. Columns are ~20nm in width. 
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Figure 70: High magnification of ZnO thin film. Columns appear to have roughly hexagonal geometry. 

 Ohmic contacts are created by depositing 300nm of Al on the ZnO thin film via electron beam 

evaporation and shadow masks made from Aluminum flashing. The I-V curves of the samples are 

measured and verified to be ohmic. 

6.1.1 Backgate Control of Adsorption Rate 

 To test the control of the adsorption rate via the back gate voltage, the setup shown in Figure 71 is 

constructed. The CD ZnO thin film device, represented by R  in the schematic, is placed in series with a 

500kΩ resistor. An Analog Discovery Board is used as both power supply for the voltage divider and 

oscilloscope to measure the photovoltage. The analog discovery board is connected to a laptop computer 

via USB, and the computer is not connected to a wall outlet to reduce 60Hz noise. Since the Analog 

discovery board can only supply -5V to 5V, an external DC power supply is used to apply the backgate 

bias. The back gate bias is connected to a physical single pole double throw switch to switch between the 

voltage bias from the power supply and ground. An OSRAM LZ1-00UV0R 365nm LED is used to 

illuminate the sample. The LED is connected to a current source and supplied with 700mA. A Newport 

1928-C optical power meter with 918D-UV photodetector is used to measure the incident illumination as 

0.8W/cm2. 
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Figure 71: Experimental setup for adsorption rate control via backgate bias.  

 The sample is illuminated with the UV LED, then the light is removed and, the photo-decay is 

measured. Shortly after the illumination is removed, the backgate bias is applied. For V > 0V, the 

photocurrent will suddenly decrease as the backgate bias is applied, and for V < 0V, the photocurrent 

will suddenly increase as the backgate bias is applied. The backgate is maintained for several seconds, 

and then set back to zero.  
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Figure 72: Photocurrent for different backgate biases. For 𝐕𝐛𝐠 = 𝟎𝐕, the backgate bias is turned on at 𝐭 = 𝟒. 𝟏𝟕𝐬 and 
turned off at 𝐭 = 𝟓𝟎. 𝟏𝟑𝐬; for 𝐕𝐛𝐠 = 𝟏𝟔𝐕, 1 (grey) the backgate bias is turned on at 𝐭 = 𝟓. 𝟖𝟒𝐬 and turned off at 𝐕𝐛𝐠 =

𝟒𝟏. 𝟓𝟑𝐬; for 𝐕𝐛𝐠 = 𝟏𝟔𝐕, 2 (yellow) the backgate bias is turned on at 𝐭 = 𝟒. 𝟐𝟏𝐬 and turned off at 𝐭 = 𝟓𝟕. 𝟖𝟑𝐬. 

 Figure 72 shows that the photocurrent does decay faster for a positive bias, and that it decays 

more slowly for a negative bias. Assuming that the photocurrent is related to the adsorbed concentration 

and not bulk photogenerated carriers, this means that the adsorbed concentration has been adjusted by the 

backgate. KPFM measurements should be combined with these measurements to confirm that the change 

in photocurrent is due to a change in the adsorbed concentration. 

6.1.2 Measurement Injection and Ejection Current 

 To measure the backgate current, we construct the experimental setup shown in Figure 73. The 

backgate contact is connected to ground and both front-side contacts are tied together and connected to 

the biasing resistor. Because the photovoltage is very small relative to the resolution of the measurement 

equipment, we amplify the signal using a non-inverting op amp circuit with a gain of 101. The amplified 

signal is passed through a high-pass filter to remove 60Hz noise. The output voltage of the high-pass filter 

is measured with the Analog Discovery Board oscilloscope. The data is transmitted to a laptop computer 

which is not connected to a wall outlet to limit 60Hz noise. The OSRAM LZ1-00UV0R 365nm LED used 

in Section 6.1.1 is used here with the same illumination intensity. 
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Figure 73: Experimental setup for measuring backgate current. 

 Figure 74 and Figure 75 show the measurements for two different biasing resistors. The plots 

qualitatively match the model presented in Section 3.11.2. The backgate current quickly turns on when 

light is shone on the sample. The photovoltage is negative indicating that the electrons are moving from 

the semiconductor to the backgate. The current then decays while the light is still on as the adsorption rate 

reaches the photodesorption rate. When the light is turned off, the current then spikes again as adsorption 

begins again and electrons move from the backgate to the semiconductor. The photovoltage is now 

positive consistent with the expected direction of electrons. The response time of the photovoltage is also 

dependent on the biasing resistor. In Figure 75, the response time is measured as 0.5μs. This is on the 

order of the sampling time of the oscilloscope, so it is possible that the actual response time is smaller 

than 0.5 μs. The response time of Figure 74(a) is 30 μs, a significant increase in the response time. Figure 

75(b) shows ringing behavior in the response. It is not clear what is causing this response and requires 

more investigation. 
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Figure 74: (a) Ejection back gate current under illumination with a biasing resistor of 300kΩ. The light is turned on at 
t=0s; (b) Injection backgate current after illumination is removed. The light is turned off at t=0s. 

 

Figure 75: (a) Ejection back gate current under illumination with a biasing resistor of 1kΩ. The light is turned on at t=0s; 
(b) Injection backgate current after illumination is removed. The light is turned off at t=0s. 
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7. SIMULATIONS 

7.1 Sentaurus Simulations 

Sentaurus simulations are created to incorporate diffusion, bulk carrier recombination, and Fermi 

statistics into the metal oxide photoconduction model. These results will be used to verify the derivations 

of the above adsorption equations and determine if diffusion, bulk carrier recombination, and space 

charge region recombination and generation play a significant role in the photoresponse of metal oxides. 

Additionally, simulation in Sentaurus will provide a more accurate calculation of the carrier distribution 

in the space charge region. This will allow for calculation of the voltage drop across the oxide in the 

partially depleted case and therefore provide continuity of calculated current when transitioning between 

the completely depleted case and the partially depleted case. These simulations will be the basis for later 

studies on more complex devices. 

A new material parameter file is created to represent ZnO. The material parameters used are 

shown in Table 24. The physics models used in the bulk are: Drift-Diffusion, Fermi statistics, and bulk 

SRH recombination. Illumination is implemented using the transfer matrix method (TMM). A simple 

light absorption model is used where the quantum yield model is StepFunction(EffectiveBandGap) and 

the optical intensity decays exponentially with the absorption constant shown in Table 24. A 

monochromatic source with the wavelength of interest, 340nm, is used to illuminate the surface of the 

metal oxide sample. 
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Table 24: Bulk Material Parameters for Metal-Oxide Semiconductor material in Sentaurus. 𝑵𝒄 and 𝑵𝑽 are calculated 
from the density-of-states effective mass values from the equation given by [68] and the effective mass values 𝒎𝒏

∗ = 𝟎. 𝟐𝟗, 
𝒎𝒑

∗ = 𝟏. 𝟐𝟏 given by [51]. 

Parameter Value 

𝝐𝒓 8.49 [97] 

𝝌 (𝒆𝑽) 4.5 [98] 

𝑬𝒈 (𝒆𝑽) 3.4 [99] 

𝑵𝑪 (𝒄𝒎 𝟑) 1.76 × 10  

𝑵𝑽 (𝒄𝒎 𝟑) 1.67 × 10  

𝝁𝒏 (𝒄𝒎𝟐/ 𝑽𝒔) 205 [100] 

𝝁𝒑 (𝒄𝒎𝟐/𝑽𝒔) 25 

𝑵𝑫 (𝒄𝒎 𝟑) 1 × 10  

𝜶 (𝒄𝒎 𝟏) 9.145 × 10  

𝝉𝒏 (𝒏𝒔) 1 [101], [51] 

𝝉𝒑 (𝒏𝒔) 1 [101], [51] 

 

Oxygen adsorption is modelled through interface traps. Listing 1 shows the code implemented to 

create Oxygen surface traps. An interface is created by placing a vacuum region adjacent to the metal 

oxide region in Sentaurus Device Editor (SDE). Thus, the physics at the interface of the metal oxide and 

vacuum can be defined in the Sentaurus Device (SDEVICE) file as shown in Listing 1. The trap type is 

defined as an acceptor so it is neutral when empty and negatively charged when filled with an electron. 

The oxygen trap has a single energy level which is assumed to be at the mid-gap, although future 

simulations should use an experimental value. The concentration of physically adsorbed oxygen 

molecules is represented by the Conc keyword and is set to 1 × 10 cm . The adsorption and 

desorption rate constants are defined by the capture cross section, eXsection and hXsection, and the 

thermal velocity. The thermal velocity is set to 1 × 10 cm/s, and the capture cross section is set to 
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1 × 10 cm  to achieve adsorption and desorption rate constants of 1 × 10 cm /s. These settings are 

summarized in Table 25. 

Listing 1: Oxygen trap definition in sdevice file; region_1 is the metal oxide and region_2 is vacuum. 

Physics(RegionInterface=”region_1/region_2”){ 

 Traps( Acceptor 

Level fromMidBandGap EnergyMid=0 

Conc=1E15 

eXsection=1e-17 hXsection=1e-17) 

} 

Table 25: Interface material parameters for Metal-Oxide Semiconductor in Sentaurus. 

Parameter Value 

𝑬𝑻 (𝒆𝑽) 1.7 

𝒌𝒏 (𝒄𝒎𝟑/𝒔) 1 × 10  

𝑵𝑻 (𝒄𝒎 − 𝟐) 1 × 10  

Trap Type Acceptor 

 

In Sentaurus, the electron occupation of a trap, f , is given by the sum of the capture and 

emission rates, r : 

241  

𝜕𝑓

𝜕𝑡
= 𝑟  (241) 

242  

𝑟 = (1 − 𝑓 )𝑐 − 𝑓 𝑒  (242) 

where c  is the capture rate and e  is the emission rate. A similar equation is implemented for the hole 

occupation. There are four capture and emission rates: capture of an electron from the conduction band, 

c , capture of a hole from the valence band, c , emission of an electron to the conduction band, e , and 

the emission of a hole to the valence band, e : 

243  



121 
 

𝑐 = 𝜎 𝑣 𝑛 (243) 

244  

𝑐 = 𝜎 𝑣 𝑝 (244) 

245  

𝑒 =
𝑣 𝜎 𝛾 𝑛

𝑔
 (245) 

246  

𝑛 = 𝑁 exp
𝐸 − 𝐸

𝑘𝑇
 (246) 

247  

𝛾 =
𝑛

𝑁
exp(−𝜂 ) (247) 

248  

𝜂 =
𝐸 , − 𝐸

𝑘𝑇
 (248) 

249  

𝑒 =
𝑣 𝜎 𝛾 𝑝

𝑔
 (249) 

250  

𝛾 =
𝑝

𝑁
exp −𝜂  (250) 

251  

𝜂 =
𝐸 − 𝐸 ,

𝑘𝑇
 (251) 

252  

𝑝 = 𝑁 exp
𝐸 − 𝐸

𝑘𝑇
 (252) 

where σ  and σ  are the electron and hole capture cross sections, g  and g  are degeneracy factors and 

are set to 1, and γ  and γ  are given by Fermi Statistics as shown in the equations above. These capture 

and emission rates are equivalent to (3) with the additional consideration of Fermi statistics. 

An example device structure is shown in Figure 76. The device consists of the metal oxide 

material on SiO2, two side contacts, and a backgate contact. The side contacts are ohmic with a 2D 

resistance of 0.001 Ohm/um. The backgate contact has a work function of 4.5eV so that the metal-
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semiconductor work function is zero and the system is initially at flat band condition. The mesh size is on 

the order of the Debye length. 

 

Figure 76: Example metal oxide photoconductor structure with metal oxide width W=50nm, oxide thickness tox=1um, 
device length l=1um, and illumination at the surface of the device. 

The surface trap occupancy is simulated to examine the adsorption rate. The width of the device 

is 1um which is much larger than the maximum depletion width of approximately 60nm so that the device 

remains partially depleted. The oxide substrate is removed so that there is no potential drop across the 

oxide. The simulation first solves the Poisson equation with the trap occupancy fixed to zero. Then the 

trap occupancy is allowed to change, and a transient simulation is started. The Backward Euler method is 

used to solve the transient so that fewer time steps are required to solve for the sudden large change in 

trap occupancy. 

Figure 77 and Figure 78 show the results for two different rate constants. The value 

eInterfaceTrappedCharge is extracted from the Sentaurus simulations and is equivalent to q . The Matlab 

code uses the ode solver ode15s to solve Eqn. 46. Comparison of the two plots show similar results, 

confirming that this setup in Sentaurus does model adsorption in the expected way. 
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Figure 77: Adsorption kinetics for 𝐤𝐧 = 𝟏 × 𝟏𝟎 𝟏𝟒𝐜𝐦𝟑/𝐬 simulated in Matlab and Sentaurus. 

 

Figure 78: Adsorption kinetics for 𝐤𝐧 = 𝟏 × 𝟏𝟎 𝟏𝟎𝐜𝐦𝟑/𝐬 simulated in Matlab and Sentaurus. 

7.1.1 Partially Depleted Case 

The dark and illuminated current for a partially depleted structure is simulated in Sentaurus and 

compared to Matlab calculations. Table 26 shows the settings for the simulation. The device width is 

sufficiently large to remain in the partially depleted regime, but small enough that the change in depletion 

width during illumination will cause a significant change in the current. The backgate contact is removed 
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to simulate a device with an infinitely large oxide thickness so that the oxide capacitance can be ignored. 

The bias is set to be relatively small to avoid a significant change in the adsorption rate across the length 

of the device. Initial adsorption is allowed to continue until q  is sufficiently large to become sensitive to 

the given illumination intensity. The light intensity is set to be very large in order to reduce the simulation 

time. That is, for a smaller illumination intensity, t  would need to be much larger to wait for q  to be 

sufficiently large to be responsive to the light. For the given models, there is no difference in the 

simulation between using this high intensity illumination and a low intensity illumination. So, to 

demonstrate the photoresponse and compare to the previously derived equations, we will use the 

illumination intensity given in Table 26. 

Table 26: Device parameters and simulation settings for partially depleted simulation. 

𝑾 (𝝁𝒎) 𝒕𝒐𝒙 (𝝁𝒎) 𝒍 (𝝁𝒎) 𝒌𝒏 (𝒄𝒎𝟑/𝒔) 𝑽𝑫𝑺 (𝒎𝑽) 𝑰 (𝑾/𝒄𝒎𝟐) 𝒕𝒐𝒏 (𝝁𝒔) 𝒕𝒐𝒇𝒇 (𝝁𝒔) 

0.5 1 1 1 × 10  100 10 20 40 

 

To simulate the current of the device with a voltage bias, the bias of the device is first ramped while the 

trap occupation is set to zero as shown in Listing 2. 

Listing 2: Solve section for Partially Depleted simulation 

   Set(TrapFilling=Empty) 

   *- Build-up of initial solution: 

   NewCurrentPrefix="init_" 

   Coupled(Iterations=100){ Poisson } 

   Coupled{ Poisson Electron Hole } 

   NewCurrentFile="ramp" 

 

   *- Bias drain to target bias 

   Quasistationary( 

      InitialStep=0.01 MinStep=1e-5 MaxStep=0.1 

      Goal{ Name="Drain" Voltage= @Vds@  } 

   ) { Coupled { Poisson Electron Hole } } 
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   UnSet(TrapFilling) 

   NewCurrentFile="trans_" 

   Transient( 

      InitialTime = 0 

      FinalTime = @tf@ 

      MaxStep = @tstep@ 

   ){Coupled{Poisson Electron Hole}} 

Figure 79 shows the results of the Sentaurus simulation and the accompanying MATLAB 

calculations. The curves show the characteristic fast and slow responses seen in metal oxide 

photoconductors. The simulated bandstructure prior to and during illumination is shown in Figure 80 and 

demonstrates the space charge region shrinking under illumination. The current simulated in Sentaurus 

has a similar order of magnitude of the dark current and photocurrent and similar rise and fall time to the 

calculated current. However, the simulated current differs in magnitude. This can be attributed to the 

approximation of the depletion width and electron distribution and a small difference in the calculated 

value of the adsorbed concentration in the Matlab calculations. The differences in the adsorbed 

concentration and depletion width are shown in Table 27 and Figure 81 which show the devices simulated 

in Sentaurus have a lower conductivity. 

 

Figure 79: Current measured from MATLAB and Sentaurus. 
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Figure 80: (top) Band diagram for device prior to illumination and (bottom) at steady-state adsorption during 
illumination. Oxide/metal oxide interface at x=0 and metal oxide surface at 0.5um. 

 

Table 27: Measured and calculated steady-state illumination values at 𝐭 = 𝟒𝟎𝛍𝐬 for the simulation parameters shown in 
Table 26. 

Parameter Sentaurus MATLAB 

𝒒𝒄 (𝒄𝒎𝟐) 4.58822 × 10  4.0175 × 10  

𝑾𝑫 (𝒏𝒎) 90* 40.175 

* Measured at ρ(x) = 0.01 ∗ N . 
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Figure 81: Electron distribution near the surface of the device. Oxide/Metal oxide interface at x=0, and air/metal oxide 
interface at 𝐱 = 𝟓 × 𝟏𝟎 𝟓𝐜𝐦. 

7.1.2 Injection and Ejection Current 

To demonstrate the injection current, a simulation is created with the settings shown in Table 28. 

The device width is made sufficiently small to ensure that it will remain in complete depletion throughout 

the entire simulation. The oxide thickness is made very small to increase the initial adsorption rate so that 

adsorbed concentration will quickly become much greater than that at the onset of complete depletion. 

This reduces the simulation time significantly. The bias is set to 0V so that only the injection and ejection 

current is seen. 

Table 28: Settings for simulating injection current. The rise time refers to the rise time of the illumination pulse. 

Set 𝑾 (𝒏𝒎) 𝒕𝒐𝒙 (𝒏𝒎) 𝑳 (𝒖𝒎) 𝒌𝒏 (𝒄𝒎𝟑

/𝒔) 

𝑽𝑫𝑺 (𝑽) 𝑰𝒐𝒑𝒕 (𝒎𝑾

/𝒄𝒎𝟐) 

𝒕𝒐𝒏 (𝝁𝒔) 𝒕𝒐𝒇𝒇 (𝒎𝒖) 𝒕𝒓𝒊𝒔𝒆 (𝒔) 

1 25 10 1 1 × 10  0 10 20 40 1 × 10  

2 25 10 1 1 × 10  0 10 20 40 1 × 10  

 

Figure 82 shows the results of the simulation and calculations for the parameter Set 1 of Table 28. 

To match the calculations to the simulation, the Matlab calculations and Sentaurus have the same q  
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value at t=0. Their current values differ for the reasons discussed previously. The initial adsorption shows 

that the injection current decreases rapidly as the rate of adsorption slows. The illumination pulse causes a 

sharp increase in the current. As steady-state is reached under illumination, the current falls to zero. The 

current rises again as the illumination is turned off due to the sudden change in q . 

 

Figure 82: Ejection and Injection current for settings in Set 1 of Table 28. 

The injection and ejection currents are dependent on the rise and fall time of the illumination pulse. 

Figure 83 shows the results of parameter Set 2 of Table 28 which has an increased rise and fall time for 

the illumination pulse. The peak of the ejection current as measured in Sentaurus decreases from 4.5pA to 

2.1pA. 
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Figure 83: Ejection and Injection current for the settings in Set 2 of Table 28. 

The injection and ejection currents are also dependent on the area of the device. As indicated by 

Eqn. 202 and 203, these currents are proportional to the length and depth of the device. Thus, even though 

these currents are on the order of picoamps in the above simulations, they can become very large with 

increase device dimensions. 

7.1.3 Completely Depleted Case 

A completely depleted device is simulated with the settings shown in Table 29. The resulting 

current plots are shown in Figure 84 and Figure 85 as simulated in Sentaurus and calculated using the 

equations derived previously. The plots show the characteristic fast decay followed by a slow decay. 

There are also current spikes present at the start and end of illumination. These are from the injection and 

ejection current. The source and drain current differ because the of the direction of the injection and 

ejection current. Under illumination, the electrons are ejected from both contacts, so the ejection current 

will add to the drain current and subtract from the source current. The calculations again predict currents 

larger than those simulated by Sentaurus for the same reasons discussed previously. However, the 
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calculations have the same order of magnitude of the currents and rise and fall time as those simulated by 

Sentaurus. 

Table 29: Settings for completely depleted devices. 

Set 𝑾 (𝒏𝒎) 𝒕𝒐𝒙 (𝒏𝒎) 𝒍 (𝒖𝒎) 𝒌𝒏 (𝒄𝒎𝟑/𝒔) 𝑽𝑫𝑺  

(𝒎𝑽) 

𝑰 (𝑾/𝒄𝒎𝟐) 𝒕𝒐𝒏  

(𝝁𝒔) 

𝒕𝒐𝒇𝒇  

(𝝁𝒔) 

𝒕𝒓𝒊𝒔𝒆 (𝒏𝒔) 

1 25 10 1 1 × 10  1 10 20 40 1 

2 50 100 1 1 × 10  10 1 × 10  100 130 1 

 

 

Figure 84: Simulated and calculated drain current for metal oxide width of 25nm, oxide thickness 10nm, applied bias 
1mV, and intensity of illumination of 10W/cm2. The rise and fall time of the illumination pulse is 1ns. 
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Figure 85: Simulated and calculated source current for metal oxide width of 25nm, oxide thickness 10nm, applied bias 
1mV, and intensity of illumination of 10W/cm2. The rise and fall time of the illumination pulse is 1ns. 

A more realistic situation is simulated with the settings in Table 29. The metal oxide and oxide 

thickness are significantly larger, and the illumination intensity is decreased to 10mW/cm2. The bias 

voltage is increased to overcome any ejection and injection currents. Figure 86 shows the results on a 

linear scale. Both curves show the characteristic fast decay followed by a slow decay. The magnitudes of 

currents and response times are again similar for both with the calculated current being about 3.5 times 

larger than that simulated in Sentaurus. The calculated current shows a peak in the photocurrent not 

present in the Sentaurus simulation and not related to the ejection current. This can be attributed to an 

overshoot of the surface potential past its equilibrium value. Such a peak in the current can be observed in 

many experimental results metal oxide photodetectors [102], [103], [104], [105]. 
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Figure 86: Simulated and calculated current for parameter Set 2 in Table 29. 
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8. CONCLUSIONS 

 In this thesis, new adsorption and photodesorption equations have been derived to describe the 

photoresponse of metal oxide photodetectors based on material properties, morphology, and device 

geometry. These equations expand metal oxide adsorption modeling beyond the basic bulk planar 

equations and enable us to predictively model the photoresponse of modern device structures such as thin 

films and nanostructures. The figures of merits used to characterize photoconductor devices have also 

been redefined to accurately portray device performance. A new figure of merit, the voltage 

photoresponsivity, is defined to characterize the photoconductor signal. The minimum detectable optical 

power is also redefined based on the adsorption rate.  

These new adsorption models and a critical analysis of photoconductor figures of merit indicate 

the direction metal oxide photodetector design should take to achieve the target metrics for bacterial 

fluorescence detection (BFD) applications. The major limiting factor in designing a sensor for BFD 

applications is identified as the slow response time under low illumination intensities. To overcome this, 

two new device structures are proposed: a backgate-controlled completely depleted device, and a zero-

bias capacitive mode device. In the former, the backgate of a thin-film device on insulator can be used to 

control the adsorption rate and therefore the device response time and minimum detectable optical power. 

In the latter, the current between the metal backgate and metal oxide surface of a CD device can be 

measured to decrease the response time of the device at very low optical powers. 

 A CD device was fabricated using a ZnO sol-gel thin film on a thermal oxide Si wafer. We 

confirm that the backgate can be used to control the adsorption rate of the device. A positive bias is used 

to reduce the photodecay response time. The same device is used to confirm the existence of backgate 

current in capacitive mode. Both of these device structures could be used to enable BFD detection. 

 The adsorption and photodesorption models presented in this thesis are consistent with many 

experimental measurements of metal oxide photocurrents. However, until the adsorption rate constants for 
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metal oxide surface are measured, it is difficult to fit the models to experimental data and compare their 

validity. The models created in this thesis also have limitations and should be applied with them in mind. 

In all photodesorption equations, the holes are assumed to reach the surface effectively instantaneously. 

While this assumption is generally sufficient for holes generated in the depletion width, it may not be for 

holes generated in the bulk which must diffuse to the surface. No quantum effects are included. For 

example, electron tunneling across the insulator of CD device is not accounted for, and ballistic transport 

in nanostructures is not considered. Mobility changes due to scattering at the insulating semiconductor-

insulator interface in CD devices is not considered. In Section 3.9.2, bandgap differences and interfacial 

charge between materials is not considered. In our noise calculations in Section 4, shot noise and flicker 

noise are not included. Finally, dielectric breakdown of the insulating oxide and metal oxide in CD 

devices is not considered. 

 In addition to describing the photoresponse of metal oxide photodetectors, the adsorption and 

photodesorption rate equations derived in this thesis have many additional potential applications. The 

adsorption models apply to any semiconductor device with any kind of surface trap. These models could 

be particularly useful in other semiconductors with gaseous adsorbates such as nitrides and sulfides. 

These models could also be applied to gas sensors and photo-activated gas sensors. Section 3.10 would be 

particularly helpful in describing the effect of multiple gaseous adsorbates on gas sensor conductivity. 

These models also indicate that adsorption and photodesorption can have a significant impact on 

measurements and characterization. For example, many measurements of the bulk minority carrier 

lifetime in metal oxide semiconductors have been measured in ambient [9], [11], [106]. Thus, 

photodesorption and adsorption likely contribute significantly to the photocurrent and the current cannot 

be described as an exponential decay with a time constant given by the carrier lifetime. These 

measurements should be taken in an inert atmosphere or with a passivated surface. Time-resolved 

photoluminescence measurements (TRPL) use UV light to measure photoluminescence. It is common to 

correlate the luminescence with the concentration of adsorbates on the surface or to attribute emissions to 
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bulk states. However, based on the models presented in this thesis, UV light will change the adsorbed 

concentration and green photoluminescent emissions are set by the number of carriers that recombine at 

the surface. Thus, the interpretations of these measurements should be reconsidered; the photoluminescent 

measurements are not necessarily proportional to the adsorbed concentration of gases. Furthermore, it 

may be that many emissions labeled as ‘bulk’ emissions are actually ‘surface’ emissions. To differentiate 

between bulk and surface emissions, the TRPL measurements should be performed in both inert and 

ambient atmosphere.  

 The adsorption rate constants of different faces of metal oxide semiconductors need to be 

measured to employ this model. There have been very few measurements of these values and there is not 

a standard method of measurement. In this thesis, we have proposed two new possible methods for 

measurement. The minority carrier lifetime of metal oxides must be accurately measured. As previously 

discussed, most measurements are taken in ambient and may therefore be incorrect. This parameter is 

important in comparing the adsorption-based photoresponse to that of bulk recombination and generation. 

It may be that the bulk photoresponse has better performance. The heterojunction adsorption models need 

to be expanded on to include the effect of band gap differences and interfacial charge. Many of the 

modern metal oxide photodetectors employ a heterojunction, and so having accurate models for them is 

important. A new shot noise term must be derived for adsorption-based photoconductors. This term is 

essential for predicting the SNR of metal oxide photodetectors. 
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