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The dynamics of photoexcited carriers in magnetron sputtered ZnO films is characterized employing 

time-domain impedance analysis, which is based on the measurements of the surface photovoltage (SPV) 

transients. The studies focus on observing the damage after the implantation of Nd+ ions in ZnO layers and 

a subsequent anneal. We observed the positive and negative components of the measured SPV transient 

and develop equivalent circuits of the structure involving multiple series of parallel resistance (R), capaci-

tance (C), and inductance (L) elements, and derive a simple fitting procedure which allows to reproduce ac-

curately the measured SPV transient. The relationship between these RCL elements and a rough physical 

picture of the charge transport phenomena in the interface regions of the structure is envisaged. This ap-

proach is conceptually useful for characterizing interfaces in semiconductor structures and devices. 
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1. INTRODUCTION 
 

There has been a significant advance in our under-

standing of interfacial electronic properties and band 

bending in semiconductors at the substrate/layer inter-

face. To describe carrier dynamics in the space charge 

interface region surface photovoltage (SPV) decays can 

be used. As previously reported, ZnO surfaces may 

show the short-time dynamic behavior ranging from a 

few hundred µs to about 1 ms, perhaps due to persis-

tent photoconductivity [1]. The full description of this 

effect in ZnO is complicated, and a large number of 

contributions have been commonly considered to be 

essential to the understanding of the persistence of 

photoconductivity after switching off the exciting light. 

Notable among these are the hole capture from the sur-

face depletion layer by chemisorbed O2−, metastable 

doubly or singly charged oxygen vacancies, loss of lat-

tice oxygen, H2 molecules trapped at oxygen vacancy 

sites (for details see Ref. [1] and references therein).  

It is clear, therefore, that all the above mentioned 

consequential effects must be taken into account in the 

equivalent circuit. One should then bear in mind that it 

is somewhat difficult to derive physically meaningful 

conclusions based on cumulative behaviors of model 

circuits. Nevertheless, the frequency () – and time (t) 

– domain impedance measurements are widely used for 

the parametrization of equivalent circuit models [2, 3]. 

Analysis of the frequency-dependent capacitance and 

conductance uses an equivalent circuit, which can take 

into account effects of interface states. This approach is 

focused on the simplest equivalent electrical circuit where 

resistance (R), capacitance (C), and inductance (L) ele-

ments reproduce the impedance of the measured struc-

ture. Additional elements, e.g. the constant phase element 

(CPE), can be supplemented to address a nonideal capaci-

tor behavior. The equivalent circuits with CPEs were also 

used to tackle the problem of surface roughness, leakage 

capacitance and nonuniform charge distribution in semi-

conductor-insulator systems that result in the nonideal 

capacitor behavior [4-6]. 

Here, we derive a simple time-domain model for fit-

ting the SPV transient curves employing multiple series 

of parallel RCL elements. The analysis is applied to the 

SPV data of magnetron sputtered ZnO films, as-grown, 

implanted with Nd+ ions, and subsequently annealed. 

Varying the RCL parameters yields an excellent agree-

ment between the fitting curves and the measured data. 

 

2. EXPERIMENTAL DETAILS 
 

Experimental SPV decay curves were taken in ZnO 

films with a thickness of about 70 nm. The films were 

deposited onto p-Si (100) substrates at room tempera-

ture by the RF reactive magnetron sputtering using a 

ceramic aluminum-doped zinc oxide (AZO) 

(98 wt% ZnO + 2 wt% Al2O3) target with a purity of 

99.99 %. Details of the growth procedure were given 

elsewhere [7]. Here, we compare the SPV decay proper-

ties of the resulting ZnO films before (undoped ZnO) 

and after (ZnO:Nd) room temperature implantation of 

Nd+ ions with the energy of 75 keV and dose rate of 

5 C/cm2. The results presented below were obtained in 

the samples furnace annealed at 650ºC in the argon 
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flow during 30 min. 

The bandgap (Eg) is 3.2 – 3.3 eV in ZnO [8] and 

1.12 eV in Si [9]. This means apparently that exciting 

light with the wavelength of about 375 nm corresponds 

to Eq in ZnO. As a result, irradiation of such a ZnO/Si 

structure by visible light excites free carriers predomi-

nantly in the Si substrate. For the light with a wave-

length of less than 375 nm, the SPV signal will come 

from both the ZnO film and Si substrate. Evidently, irre-

spective of the selected wavelength the excited carriers 

can migrate from Si to ZnO and in the opposite direction. 

In our SPV measurements, a 275 nm (or 4.51 eV) LED 

light from ProLight Opto PB2D-UCLA-TC was used as 

excitation source. The absorption coefficient in ZnO thin 

film at the wavelength of 275 nm is of order of 

1.5  105 cm – 1 [10], which corresponds to the penetra-

tion depth of about 70 nm. With these assumptions, the 

contribution of the carriers excited in Si was minimized. 

The SPV data given below were measured in the capaci-

tance arrangement, as described in detail elsewhere [11].  

 

3. RESULTS AND DISCUSSION  
 

Fig. 1 shows typical SPV transient curves observed 

in ZnO (curve 1) and ZnO:Nd (2) films. The essence of 

the effects can be captured by decomposing the decay-

ing part of the SPV data into transients with positive 

and negative values of the SPV signal magnitude. The 

sum of them may produce the shape given by curve 1 in 

Fig. 1. Essentially, the negative signal is largely sup-

pressed in curve 2. This observation implies that there 

is an alternative source of the spatially separated elec-

trons and holes, which is most likely related to the 

band bending features of the structure modified by the 

implantation of Nd+ ions. 
 

 
 

Fig. 1 – Measured SPV transients in ZnO (1) and ZnO:Nd (2) 

films annealed at 650 ºC. The duration of the exciting light 

pulse is 12 µs. Inset illustrates a portion of the curves near the 

crossover point displayed on a linear SPV scale 
 

Irrespective of the basic physical picture describing the 

data of Fig. 1, here we aim to refine the treatment of com-

plicated SPV decay curves with the contributions that 

have opposite sign. We employ equivalent circuit modeling 

which uses the time-domain impedance analysis. 

 

3.1 Modeling SPV Decays 
 

For an account of experiments, we start with fitting 

curve 2 in Fig. 1 to a network of RC circuits. Then, the 

model will be applied to the SPV transient with the sign 

inversion (curve 1 in Fig. 1) by introducing RCL units.  

Thus we can consider the basic schematic diagram of 

the SPV measurement shown in Fig. 2. The SPV decay is 

formed by the Z1-Z3 elements which are combined with 

simple RCL components. The other circuit elements, R1-

R3, C1 and C2, belong to the SPV signal amplification 

scheme, which was considered elsewhere [12]. 
 

 
 

Fig. 2 – Equivalent circuit for SPV measurement arrangement. 

I – photo-generated current, USPV is the generated SPV signal 
 

Despite equivalent schemes describing SPVs have 

been known for a long time, the schemes found in the 

literature are not directly applicable to the modeling of 

transient processes during the SPV relaxation. Thus, in 

Ref. [13] an equivalent circuit was given to describe the 

SPV which consists of a capacitor and a resistor con-

nected in parallel, as shown in Fig. 3(a). The capacitor 

in such a scheme is associated with charge accumula-

tion processes while the resistor accounts for recombi-

nation processes. This simple scheme describes only a 

simple single-exponential decay curve (like line 2 in 

Fig. 5) and is not suitable for analysis of our experi-

mental data. Therefore, for an adequate description of 

the decay curves, we must add other elements to the 

equivalent circuit that are necessary to explain the 

shape of the SPV decays. For example, in order to ex-

plain the prolonged SPV decays seen in Fig. 1 (curve 2), 

additional elements C1 and R1 in Fig. 3(b) were added 

to the equivalent circuit shown in Fig. 3(a). 
 

  
 

a b 
 

Fig. 3 – Equivalent circuit for ac surface photovoltage [13] (a), 

equivalent circuit providing a dashed line fit (Fig. 6) for the 

experimental SPV transient curve (b) 
 

For the purposes of transient analysis, we employ a 

two-step procedure. First, the voltage USPV vs applied 

current I is calculated. Second, the values of I, C1, R1, 

C2 and R2 are adjusted to minimize the difference to 

the measured SPV transient. In this analysis, theory of 

electrical circuits [14] is applied to obtain a useful form 

for the SPV transient. 

Using the Kirchhoff’s laws we first equate 

IR  UR/R, IC  C dUC/dt and then arrive at the system 

of ordinary differential equations 
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Here, UC1 and UC2 are the voltages on the capaci-

tors C1 and C2 while the current I is calculated as a 

function of time i(t) multiplied by the light pulse 

amplitude, I  AIP i(t). 

The above system is solved using the Backward Eu-

ler method [14], which results in USPV  UC2. Then, to 

adjust I, C1, R1, C2 and R2, the BOBYQA algorithm for 

bound constrained optimization without derivatives 

from NLopt program library [15] is used, which allows 

us to compute the time-dependent USPV. 

The best fit to the measured data shown by the dashed 

line in Fig. 5 is obtained with C1  2.1 nF, R1  11 k, 

C2  1.12 µF, and R2  564 . As seen in Fig. 5, the equiva-

lent circuit of Fig. 3(a) does not provide a suitable fit 

(dashed line) for the measured decaying part of the SPV 

transient curve (circles). Meanwhile, there is a convincing 

agreement between fitted and experimental results at the 

rising part of the SPV transient. 

Evidently, while the light is switched on at t  0, 

light induced charge carriers recombine with the 

rate averaged over the available radiative and non-

radiative pathways. They are partly immobilized due 

to trap capture. The carriers remain captured until 

they are thermally released back into the electron 

and hole energy bands or recombine and disappear. 

As a result, having the light switched off at some 

preceding time (t  12 s in Fig. 5), we see a rise in 

the SPV signal even after the termination of the 

light pulse (up to about 100 µs in Fig. 5). 

With these issues, if C1 and R1 are removed from 

the circuit of Fig. 3(b), the C2 and R2 elements describe 

a single exponential decay. The C1 and R1 elements 

form a delay circuit, which in turn gives a contribution 

to the rising SPV. Electrical energy would accumulate 

in C1 under pulse excitation, and at the pulse termina-

tion flows into the C2 and R2 elements through R1. As a 

result, the rising behavior is interpreted in terms of the 

equivalent circuit shown in Fig. 3(b). 
 

 
 

Fig. 4 – Equivalent circuit providing a continuous line fit 

(Fig. 5) for the experimental SPV transient curve 
 

The decay behavior of interest obtains only if the tran-

sient process is represented by the modified equivalent 

scheme shown in Fig. 4. In the analysis described above, 

the system of differential equations can be rewritten as 
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in the usual notations. By carefully optimizing I, C1, 

R1, C2, R2, C3 and R3 we have USPV = UC2 + UC3, which 

is plotted by continuous line in Fig. 5. As seen, this 

equivalent scheme strongly improves the agreement 

with experiment (circles in Fig. 5). 

We suggest, therefore, that the rising and decaying 

behavior is indicative of recombination and trapping 

processes occurring in the films on a relevant range of 

time scales, an assertion for which there is some above 

evidence. C1 and R1 contribute to the rise part of the 

transient voltage, as already discussed. Efficient spa-

tial electron-hole separation is corroborated by R1, 

which acts as a charge-transfer state. Smaller values of 

R1 enable charge carriers to accelerate to higher veloci-

ties in a less pronounced scattering thus providing a 

more efficient way of separating e− and h+. 
 

 
 

Fig. 5 – SPV transient in ZnO:Nd film (circles, curve 2 in 

Fig. 1) fit with the equivalent circuits of Fig. 3(b) (dashed line 

2) and Fig. 4 (continuous line 3). The 12- s excitation-pulse 

position on the time scale is marked (line 4) 

 

3.2 Equivalent RCL electrical circuit approach 

for transient SPV analysis 
 

Our overall approach is that the idea of an equivalent 

RC circuit model contains the essence of the charge carrier 

decay dynamics and gives a quantitative footing for mod-

eling the SPV transient without the sign inversion. Com-

plementing our simulations by the inductance elements 

gives us a reasonable account of the sign inversion in the 

SPV decay. To capture this inductance property, it is more 

convenient to refer to the circuit shown in Fig. 6. 
 

 
 

a b 
 

Fig. 6 – Equivalent electric scheme explaining the SPV sign 

inversion. Switch S is used to drive the circuit with the feed-

ing photocurrent I during the light is switched on (a) and off 

(b). Arrows indicate current directions in inductance L (1), 

capacitance C (2), and resistance R (3) 
 

When the switch S is closed in Fig. 6(a), the current 

source I starts charging the capacitance C, simultane-

ously increasing the voltage across the resistance R and 

the current through the inductance L. Appropriate cur-

rent directions are marked by arrows 1–3 in Fig. 6(a). 
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Opening the switch in Fig. 6(b) gives rise to reverse cur-

rent marked by arrow 2, which discharges C through R. 

It is also clear that the current through L does not 

change its sign (arrow 1) showing a decreased contribu-

tion to the current through R. The sum of the currents 

marked by arrows 1 and 2 forms a voltage drops across 

the resistance R, and the voltage polarity is reversed 

when the two currents are equal and opposite. 
 

 
 

Fig. 7 – Transient processes in the scheme of Fig. 6 at 

L  4 mH, C  10 µF, and R  10 . 1 – single square current 

pulse with a width of 0.1 ms, 2 – current through capacitance 

C, 3 – current through inductance L, 4 – voltage drop across 

the resistance R. O – crossover point for the voltage across R 
 

Using the Kirchhoff’s laws, we can write an equa-

tion of the transient process in the scheme of 

Fig. 6(a), according to which the sum through all 

elements of the circuit (connected in parallel) is 

equal to the current of the source I [16]: 
 

 0.tI(t),=(t)I+(t)I+(t)I LRC , (3) 

 

where IC, IR, IL – currents through capacitance C, re-

sistance R and inductance L, according. Taking the 

current through the inductance as an independent val-

ue and using the element equations of the resistance 

UR  IR R, capacitance IC  C dUC/dt, and inductance 

UL  L dIL/dt we write (3) in the form 
 

 0.
112

tI(t),
LC

=(t)I+
dt

(t)dI

RC
+

dt

(t)Id
L

L

2

L , (4) 

 

We seek a particular solution to the associated ho-

mogeneous differential equation in the form 
 

 ts
2

ts
1L eA+eA=(t)I 21  , (5) 

 

where A1  and A2  are the constants, 

0
2

1,2 1 ωξ±ξ=s 






   are the natural frequencies, 

LC=ω 10  is the undamped natural frequency, 

RR=ξ cr  is the damping factor and CL=Rcr 2
1  is 

the critical resistance. 

For the aperiodic type of behavior of current, corre-

sponding to  1≫ξ , a simple approximate is 
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Thus a bi-exponential decay with the time constants 

RC=τ1  and RL=τ /2  is observed. If 1τ  is sufficiently 

large compared with 2τ , the reverse of UR happens at 

the time the balance of IL and IC is reached. This is il-

lustrated by curve 4 in Fig. 7, which models the dynam-

ical quantities of the circuit in Fig. 6. 

The essence of the problem is readily seen in Fig. 7. 

However, experimentally we know that the charge dy-

namics would tend to maintain a multi-exponential 

decay. Therefore, more generally, the impedance net-

work can consist of multiple series-connected parallel 

RCL units. However, circuits with RCL s may require a 

fewer number of units for modeling SPV decays, if some 

small number of recombination and capture pathways 

are assumed. Fig. 8 shows an 10-section RCL equiva-

lent circuit of the model. 
 

 
 

Fig. 8 – Ten-section RCL equivalent circuit to represent the 

SPV decay 
 

The next equivalent circuit to be considered asserts 

that the fitting form for transients with the contributions 

that have opposite sign can be constructed with RCL units 

(Fig. 8). The SPV decay curve 1 in Fig. 1 can then be fitted 

with the circuit shown in Fig. 8 that have n RCL units. 

We therefore arrive at the following expression 
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where the subscript n is related to the n-th RCL unit. 

The fitting result for n  10 is depicted in Fig. 9. The 

model provides an excellent fit to decay data. 

Contrary to the experimentally obtained transient 

behavior, the development of equivalent circuit models 

is somewhat contentious. The challenge is how to relate 

the transient composed of instantaneous decay life-

times to particular recombination and capture path-

ways. These pathways do not necessarily directly con-

tribute to any exponential deconvolution of the transi-

ent curve. A popular notion is that the relaxation of 

carrier-confined large ensembles in inhomogeneous 

structures exhibits a multiexponential or stretched-

exponential form [18]. With these assumptions, the 

decay can initially be related to direct carrier recombi-
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nation and capture processes, until various distribu-

tions of trapping centers are filled. Further, the decay 

curve elongation is attributed to carrier capture and 

trapping lifetimes because they exceed those of carrier 

recombination. It is quite obvious that both of the mul-

tiexponential or stretched-exponential forms usually 

provide suitable fits for the experimental decay curves 

by increasing the number of summands. 
 

 
 

Fig. 9 – SPV decay in ZnO:Nd film (circles, curve 1 in Fig. 1) 

fit with the ten-section RCL equivalent circuit of Fig. 8 (line). 

The negative portion of the decay at times greater than  5 ms 

is reversed when plotted on a log scale 
 

However, the usage of RC components of the 

equivalent circuit is often not rigorously valid as the 

dynamic charge transfer processes can be spatially dis-

tributed producing a broad spectrum of time constants 

[19]. This can be cast into a constant phase element 

language, which substitutes capacitors in the equiva-

lent circuit models and reduces a number of relevant 

parameters. The CPE is defined in the frequency do-

main with the impedance of ZCPE  1 /C0(j), where j 

is the imaginary unit,   [0,1] is the dispersion coeffi-

cient, and C0  is the frequency independent capacitance 

related to the double junction capacitance in our case. 

Significantly, many of the CPE implementations are 

formulated in the frequency domain, whilst the direct 

time-domain modeling approach still remains some-

what controversial. Nevertheless, it is illustrative to 

consider the multiple RC circuit, high-order integer 

transfer function, and the Grünwald–Letnikov frac-

tional derivative approximations [19, 20], which give us 

a coherent account of the available time-domain im-

plementations. Based on our encouraging fitting re-

sults, it is foreseeable that introducing inductance L 

into the equivalent circuit in fact offers an effective 

means of studying SPV decays. 

The naive expectation for a consistent physical pic-

ture of L, which is based on the elongated decay, predicts 

that the charge carriers of one sign are captured into 

interface trapping levels, whereas carriers of the oppo-

site sign drift outside the space charge region in the pro-

cesses 2’ and 5 (Fig. 10) for electrons or 3’ and 6 for holes. 

The following trap-release of carriers will eventually 

explain the elongation of SPV dynamics decay being con-

trolled by the subsequent excess carrier recombination. 

The occurrence of random delays that impede the recom-

bination of separated e− and h+ will therefore drive the 

electrical current carried by the released charges. It 

makes good sense to consider this to be the current 

through inductance in the circuit of Figs. 6 and 8 that 

oppose a change in the IL flowing through L. 
 

 
 

Fig. 10 – Schematic energy band diagram of our ZnO/p-Si struc-

ture. Conduction and valence band alignments are given for the 

ZnO/Si interface [21]. The homo- and heterojunction contribu-

tions to SPV (+SPV1 and SPV2, respectively) are illustrated 
 

Finally, it is illustrative to consider the frequency 

distribution of random delay times iii CR=τ1  in the i-th 

pathway, which impedes the recombination of excess 

carriers and prolong the observed SPV decays. As a 

result, we have a broad distribution of iτ1  in the ZnO 

film shown in Fig. 11, implying a number of exponen-

tial decompositions of the decay curve. For comparison, 

the RCL  fitting result for the ZnO:Nd film is also 

shown in Fig. 11. Evidently, the SPV decay curve in 

ZnO:Nd can then be represented as a convolution of 

two time variables, as is indeed the case in Fig. 5. 
 

 
 

Fig. 11 – Probability of occurrences of particular values of 

random delay times τ1i in ZnO and ZnO:Nd films, which are 

obtained by fitting the SPV decays in Fig. 1 (curves 1 and 2) 

to the ten-section RCL equivalent circuit (i  1…10) of Fig. 8. 

 

4. CONCLUSIONS 
 

In summary, complicated SPV transients with the 

contributions which are opposite in sign can be described 

by the equivalent RCL  circuit model. The time-domain 

fitting technique, reproducing the measured SPV transi-

ent, is derived. Our overall finding is that multiple units, 

which consist of an ohmic resistor in parallel with a ca-

pacitor, model the SPV transient without the sign inver-

sion. For a suitable representation of the sign inversion 

in the SPV decay, we propose an inductance as the 

equivalent circuit element, which is combined in parallel 

with the RC  unit. The model is applied to investigate 
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ZnO and ZnO:Nd thin films and the implantation-

induced damage in the films. The film quality, especially 

near the film/substrate interface, can be deduced by ana-

lyzing the SPV decay. A similar approach may be advan-

tageous for modeling electrochemical charge transfer 

processes that occur at different rates including, for ex-

ample, the movement of charge carriers through the 

electrolyte in batteries and fuel cells. 
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Моделювання за допомогою методу еквівалентних схем перехідних процесів  

при збудженні поверхневої фото-ЕРС в тонких плівках ZnO 
 

А. Надточій1, А. Подолян1, О. Коротченков1, О. Оберемок2, О. Косуля2, Б. Романюк2 
 

1 Фізичний факультет, Київський національний університет імені Тараса Шевченка, 01601 Київ, Україна 
2 Інститут Фізики напівпровідників ім. В. Є. Лашкарьова НАН України, 03028 Київ, Україна 

 
Плівки ZnO були отримані  нанесенням оксиду цинку на підкладку кремнію p-типу за допомогою 

магнетронного розпилення, після чого у плівку були імплантовані іони Nd+ з подальшим відпалом. 

Динаміка фотозбуджених носіїв досліджувалась  за допомогою вимірювання поверхневої фото-ЕРС 

Перехідний процес кінетики фото-ЕРС після вимкнення джерела світла часто має вигляд немонотон-

ного та/або знакозмінного загасання. Моделювання таких складних перехідних процесів  проводилося 

за допомогою методу еквівалентних схем. Були розроблені еквівалентні схеми, що містять у собі декі-

лька елементів опору (R), ємності (C) та індуктивності (L). За допомогою  аналізу імпедансу в часовій 

області була також розроблена проста процедура підгонки, яка дозволяє точно відтворювати виміря-

ний перехідний процес фото-ЕРС. Показано можливий взаємозв'язок між цими елементами RCL і фі-

зичною картиною явищ переносу заряду в областях розділу структури. Такий підхід може бути корис-

ним для використання при моделюванні  характеристик інтерфейсів у напівпровідникових структу-

рах і пристроях. 
 

Ключові слова: Поверхнева фото-ЕРС, Оксид цинку, Еквівалентні схеми. 
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