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Abstract

We investigate DC and AC circuit parameters of hybrid quantum-dot (QD) solar cells consisted of self-assembled
InAs/GaAs and GaSb/GaAs QDs. The hybrid QD solar cell samples are fabricated by stacking of one pair and three pairs of
InAs/GaAs and GaSb/GaAs QD layers in molecular beam epitaxy. A measurement circuit has been used for both DC and AC
parameter extraction. Numerical values of the parameters are extracted from the fittings of experimentally measured current-
voltage characteristics and frequency responses of the samples under controlled bias condition. The fitting functions are derived
from the considered equivalent circuit models. Extracted series and shunt resistance values can be related to the sample structure.
For the AC characteristics, a low shunt resistance and a high capacitance of three-pair hybrid QD solar cell are observed. We
attribute the latter to the high number density of buried QDs in the sample. These findings shed light on the relationship between

electrical characteristic of QD devices and their structure.
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Introduction

Semiconductor quantum dots (QDs) have gained a lot of interests in the past decades due to their unique
electrical and optical properties. They have been proposed to be a building block for many novel electronic and
photonic devices (Bimberg, 2008; Wang, 2012). It includes intermediate band solar cells and photodetectors
(Bimberg, 2008; Lin et al., 2011; Luque & Marti , 1997; Marti et al., 2006; Okada et al., 2015; Wang,
2012). Recently, hybrid QD solar cells have been realized and investigated since they have potential to be
high-efficiency photovoltaic devices (Chevuntulak et al., 2019; Ji et al., 2015; Rakpaises et al., 2018).
From an engineering point of view, an equivalent circuit model and its model parameters are needed to be
known because the design of related electrical circuits and systems requires this information.

The conventional DC equivalent circuit model of a solar cell consists of 4 components, i.e., current source,
junction diode, shunt resistance and series resistance (Chin, Salam, & Ishaque, 2015; Jain & Kapoor, 2004;
Prasatsap et al., 2020; Rhouma, Gastli, Brahim, Touati, & Benammar, 2017; Sriphan, Kiravittaya, Thainoi,
& Panyakeow, 2015). The circuit parameters in this model indicate the solar cell performance in DC mode of
operation. In parallel, the solar cell dynamic response and its AC equivalent circuit model are also interesting
solar cell characteristics since they reveal the time-dependent carrier behaviors of the device. For an AC
equivalent circuit model of solar cells, several techniques have been used to determine the circuit parameters
(Cotfas, Cotfas, Kaplanis, 2016; Deshmukh, Anil Kumar, Nagaraju, 2004; Gonza lez-Pedro, Xu, Mora-
Serd, & Bisquert, 2010; Han et al., 2018; Mandal & Nagaraju, 2007; Suresh, 1996). For example, Suresh
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(1996) has measured the AC parameters of a back-surface-reflector-field solar cell by using impedance
spectroscopy and found that the dynamic diode resistance is essential in the modeling. Gonza lez-Pedro et al.
(2010) have applied impedance spectroscopy to analyze QD sensitized solar cells. The experimental curves
were fitted for extracting AC parameters. Deshmukh et al. (2004) have measured cell capacitance and cell
resistance by using the time domain technique and compared with the results from impedance spectroscopy.

In this work, we investigate electrical properties of hybrid QD solar cells. The solar cells consisted of self-
assembled InAs/GaAs and GaSb/GaAs QDs and they are grown by molecular beam epitaxy (MBE). A circuit
is prepared for characterizing the fabricated solar cells. Both DC and AC circuit parameters are extracted from
the experimentally measured current-voltage (/-7) and frequency response of the samples under controlled

bias condition. The obtained parameters are related to the grown structures.

Experiment

Sample Structure

We have fabricated hybrid QD structures with one pair (sample S1) and three pairs (sample S2) of
stacked InAs/GaAs QD and GaSb/GaAs QD layers by MBE. Schematics of investigated hybrid QD solar cell
are shown in Figure 1. For both samples, epi-ready p-type (001) GaAs substrates have been used as the
starting material. A 300-nm-thick GaAs is first grown as a buffer layer. The self-assembled InAs QD layer is
deposited on the buffer layer and it is covered by 150-m-thick GaAs capping layer. As the next layer, a self-
assembled GaSb QD layer is deposited and then capped by 150-nm-thick GaAs layer. Both types of QDs are
formed by the strain relaxation mechanism in the Stranski-Krastanov mode. For the sample S1, only one pair
of InAs/GaAs QD and GaSb/GaAs layers is grown while three pairs are grown in the sample S2. After the
growth of both samples, the front and back electrical contacts were fabricated by evaporation of AuGe/Ni and
AuZn. More details of the growth and the material characterizations by atomic force microscopy and

photoluminescence can be found elsewhere (Chevuntulak et al., 2019; Rakpaises et al., 2018).

(a) Sample S1 (b) Sample S2

300 nm n-GaAs

300 nm n-GaAs GaSb QD

Layers

150 nm GaAs Capping Layer

b g f:;? apb InAs QD
150 nm GaAs Capping Layer o InAs QD Layers
Layer
300 nm GaAs Buffer 300 nm GaAs Buffer
p-GaAs Substrate p-GaAs Substrate

Figure 1 Schematics of investigated hybrid QD solar cell samples. The sample (a) S1 and (b) S2 have one pair and three pairs
of stacked InAs/GaAs QD and GaSb/GaAs QD layers, respectively
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Measurement Circuit

The measurement circuit developed in this work is schematically shown in Figure 2. It can be divided into
DC and AC biased parts. For the DC biased part, a series resistor Rspc (1 kQ +1 %) and two series—
connected DC power supplies (Agilent E3633A and Agilent E3642A) have been used. Two positive-voltage
power supplies are utilized in order to switch the voltage polarity without any interruption of the measurement.
The total DC biased voltage vspc is varied between -10 and 10 V. The /-V characteristics are measured with
a picoammeter (Keithley 6485) and a digital multimeter (Agilent 34401A) while the light from 300-W
tungsten lamp is steadily shined on the sample. The conventional DC equivalent circuit (shaded area in Figure
2) is considered for the hybrid QD solar cell (Chin et al., 2015; Jain & Kapoor, 2004; Prasatsap et al.,
2020; Rhouma et al., 2017; Sriphan et al., 2015). A current source /py originates from the photo-generated
carrier and it is shunted with a p-n junction diode D and a shunt resistance Rsy. A series resistance Ry is
included as it represents the resistance of both semiconductor materials and electrical contacts. Table 1 lists the
relevant circuit parameters and their set values for this work.

For the AC parameter extraction, the AC biased part is added as shown in the dotted frame in Figure 2.
This part consists of a 500-C) resistor Rs4c, 470-UF capacitor Cs4c and AC (sinusoidal) voltage source
vs.4c. They are series-connected. In this work, the amplitude of the voltage source is fixed at 0.25 V while the
frequency is varied between 1 kHz — 1 MHz. A multichannel oscilloscope (Agilent MSO-X 2004A) is used
to measure the AC signals. The AC equivalent circuit of hybrid QD solar cell is shown and discussed below

(Figure 5(a)).

Circuit Model of Hybrid QD Solar Cell Rg Ip, +ipy : : R ¢ CS_A(‘

AA o = 1 L A}
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Light “D ! R !
¥ ' 5,0C !

AN (’) Ipy »¥ D $ Ry Ver +vpy ! ! Vs ac

' Vsnc :
- o I
- 1 I

DC biased circuit AC biased circuit

Figure 2 Circuit diagram for both DC and AC parameter extraction. The DC biased circuit is shown in the dashed frame and the
AC biased circuit is shown in the dotted frame. The shaded area contains DC equivalent circuit model of hybrid QD

solar cell

Table 1 List of measurement circuit parameters and their values. DC parameters are the DC biased voltage vspc and the DC
series resistor Rspc. AC parameters are the AC voltage source amplitude vg.c, the AC series resistor Rgac, the AC

capacitor Cs ¢ and the frequency f

Parameter Values
Vs, -10V-10V
Rspe 1kQ+1 %
Vsac 0.25V
Rsac 500Q *1 %
Csacf 470 pF
f 1 kHz - 1 MHz
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Results and Discussion

DC Circuit Parameters

The DC equivalent circuit of hybrid QD solar cell is shown in Figure 2. The diode current /p can be
represented by the Shockley ideal diode equation (Ip = I,(exp(qVp/nkT) - 1)), where Vp is the diode
voltage, n is the ideality factor, I, is the reverse saturation current, g is the electron charge, k is the Boltzmann
constant and 7T is the absolute temperature. The /-V characteristic is measured during the sweeping of the vspc.
The obtained I-V characteristic is then fitted by Isqcurvefit function in MATLAB optimization toolbox (The
MathWorks, 2006 ). For our considered equivalent circuit model, the /-V characteristics of the solar cell can

be represented by (Jain & Kapoor, 2004; Prasatsap et al., 2020; Sriphan et al., 2015).

LnkTW q 1,R; - q Ve +RU, +1p,) +VPV/RSH_(10+IPH)

1, = e
R, q  \nkT Q+R,/R,) T\ nkT (1+R,/Ry) 1+R. /R,

(1)

PV

where W(.) is the Lambert function defined by the relation W(x)-exp(W(x)) = x. After the fitting of the
experimental result, the numerical values of the DC circuit parameters are obtained. They are the reverse
saturation current /,, the diode ideality factor n, the photocurrent /py, DC series resistance Rs and DC shunt
resistance Rgy.

The I-V characteristics of measured hybrid QD solar cells are shown in Figure 3. Extracted electrical
parameters are listed in Table 2. They are the short circuit current Isc, the open circuit voltage Voc, the
maximum power point current /ypp, the maximum power point voltage Vipp, the maximum power point power
Pypp and the fill factor FF. The Isc of three-pair QD solar cell sample S2 is lower than that of one-pair QD
sample S1. This means that the photo-generated current is less in three-pair hybrid QD sample S2. It might
be due to the presence of crystal defects as shown in transmission electron microscopy image of a similar
sample (Chevuntulak et al., 2019; Rakpaises et al., 2018). However, the higher Voc value in three-pair

hybrid QD sample S2 indicates a promising result for improving Voc of QD solar cells.

0.0

Maximum Power Points RT

®  Raw |-V Data of S1
® Raw |-V Data of S2| 7
— Fitted Curve of S1
— — Fitted Curve of S2

Solar Cell Current 7, (mA)
=
N

0.0 0.1 0.2 0.3
Solar Cell Voltage 7, (V)

Figure 3 Current-voltage characteristic curves of sample S1 and S2. Raw experimental data of sample S1 and S2 are shown in
blue squares and red circles, respectively. The solid and dashed lines are the fitting results according to the applied DC

equivalent circuit model. Maximum power points of each data are marked
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Table 2 Extracted electrical parameters of the hybrid QD solar cells. They are the short circuit current Isc, the open circuit
voltage Voc, the maximum power point current /ypp, the maximum power point voltage Vjpp, the maximum power

point power Pypp and the fill factor FF

Parameter One-pair hybrid QD sample S1 Three-pair hybrid QD sample S2
Isc 0.325 mA 0.176 mA

Voc 0.289 V 0.315 V

Lurp 0.222 mA 0.097 mA

Viare 0.170 V 0.187 V

Pupr 377 uW 181 uW

FF 0.400 0.327

The I-V characteristic curves shown in Figure 3 are then fitted with Eq. (1) and the extracted DC circuit
parameters are listed in Table 3. From the fitting, we found that the diode ideality factor » is always equal 2
(the upper bound of this parameter). This indicates that the dominant current is the recombination current
(Pierret, 1996; Prasatsap et al., 2020), The reverse saturation current /,, the photocurrent Ipy and the DC
shunt resistance Rgy of one-pair QD solar cell sample S1 are higher than those of three-pair QD sample S2.
The photocurrents are approximately equal to the short circuit current (See Table 2). The DC shunt resistance
is always higher than the DC series resistance. On the other hand, the DC series resistance Rs of three-pair QD
sample S2 is higher than that of the one-pair QD sample S1. This DC series resistance in the DC circuit
model represents contact resistance and it largely influences the overall solar cell performance (both fill factor
and efficiency). Therefore, the one-pair QD sample S1 has better solar cell performance than the three-pair
QD sample S2. In our samples, InAs/GaAs QDs are designed to efficiently absorb incoming light and convert
it to electron-hole pairs. The recombination of electron-hole pairs in the InAs/GaAs QDs generates light,
which can be re-converted to electron-hole pairs in GaSb/GaAs QDs by re-absorption process. The photo-
generated carriers can be later confined in GaSb/GaAs QDs with long carrier lifetime and they can
consequently become photocurrent. The high short circuit current is expected in our hybrid QD solar cells.
However, we observe that the one-pair QD sample S1 has better solar cell performance. The performance
degradation in three-pair QD sample S2 might be due to the thick light-absorbing QD layers and crystal
defects such as threading dislocations (Chevuntulak et al., 2019; Rakpaises et al., 2018).

Table 3 Extracted DC circuit parameters of hybrid QD solar cells

Parameter One-pair hybrid QD sample S1 Three-pair hybrid QD sample S2
Ipy 0.354 mA 0.205 mA
n 2 2
I, 1.009 pA 0.130 pA
Rg 241 Q 335 Q
Rsu 3.75 kQ 2.21 kQ
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AC Circuit Parameters

For the AC circuit parameter extraction, an AC biased voltage signal is applied. The AC signal is set as
vs.ac = Ain sin(2mft) where Ain is the input voltage amplitude (= 0.25 V). If the input amplitude is too small,
the signal-to-noise ratio will be too high to detect a reliable signal. If the input amplitude is too low, the non-
sinusoidal signal, which indicate the undesired nonlinear behaviors, will be observed. The response solar cell
voltage signal is vpy and it is in the form of vpy = Ao sin(2mfi+ @), where Aoy is the output voltage amplitude,
fis frequency, and ¢ is the phase difference. The measured AC signals are fitted with the above functions.
Figure 4 displays typical measured waveforms and their fits for the signal at f = 500 kHz. The extracted
parameters are input voltage amplitude Ai,, output voltage amplitude Ao, and phase difference ¢. The ratio

between Ai, and Aoy is then calculated for representing the frequency response of the device.

0.4F ® Raw vy~ — Fitted Curve of vg
’ ® Rawv,, —= Fitted Curve of v,

Voltage Signal (V)

_03 M 1 i L i i
0 1 2 3 4
Time ¢ (us)

Figure 4 Waveforms of AC biased voltage vsc and solar cell voltage vpy (of sample S1) obtained at the frequency of 500 kHz.
The sample is DC biased at the maximum power point. Input and output amplitudes A4;, and A4, as well as the phase

difference ¢ are extracted by the fitting with sinusoidal functions as shown as solid and dashed lines

According to the measurement circuit (Figure 2) and AC circuit analysis, the current source of
photocurrent 7,; becomes an open circuit, the p—n junction diode D is replaced by the solar cell capacitance Cp
parallel with an AC diode resistance Rp. The DC biased source vspc becomes a short circuit. The series
capacitor (Cs4c= 470 pF) can be considered as a short circuit in our measured frequency range (1 kHz — 1
MHz). Thus, the AC equivalent circuit of a hybrid QD solar cell is changed to the one shown in Figure 5(a).
Since the AC diode resistance Rp is parallel with the shunt resistance Rsy, we can further combine and define
it as the AC shunt resistance. Note that the series resistance is defined as R;’C since it can have different value
from the fit of the DC parameter extraction. According to the measurement circuit shown in Figure 2 and the

AC equivalent circuit model in Figure 5(a), we can write down the signal amplitude ratio as

AC
Ay 1427 fO, R @)
‘Ain R;I—f AC

R + +R
SAC T 14 27j fC RAS s

where j =+/—1. This equation is used for fitting the experimentally obtained frequency response.
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Figure 5 (a) AC equivalent circuit of hybrid QD solar cell and (b) frequency responses of the hybrid QD solar cells biased at
maximum power points (marked in Figure 3). Amplitude ratio Ao./4i, obtained from the samples S1 and S2 are
plotted with blue squares and red circles, respectively. The solid and dashed lines are the fitting with the AC equivalent

circuit model shown in (a)

The frequency responses of one-pair QD sample S1 and three-pair QD sample S2 are shown in Figure
5(b). Qualitatively, the responses of both samples monotonically decrease when the frequency is increased.
The one-pair QD sample S1 has wider response range than that of the three-pair QD sample S2. The
experimental results are fitted with Eq. (2). The AC series resistance R;C , the solar cell capacitance Cp and
the AC shunt resistance RSA; are extracted from the fitting procedure. Table 4 shows the extracted AC circuit
parameters. The solar cell capacitance of three-pair QD sample S2 (5.47 nF) is more than that of the one-
pair QD sample S1 (1.33 nF). We attribute the high capacitance value of the three—pair hybrid QD solar cell
S2 to the high number density of buried QDs. For the response at high frequency range, our simple
measurement circuit and equivalent circuit model might not be applicable because of the influence of stray and

other capacitances in the system.

Table 4 Extracted AC circuit parameters of hybrid QD solar cells

Parameter One-pair hybrid QD sample S1 Three—pair hybrid QD sample S2
Cp 1.33 nF 5.47 nF
R;C 81 Q 315 Q
Rp 0.583 kQ 3.77 kQ
RAC 0.504 kQ 1.39 kQ

The extracted AC series resistance of the three—pair QD sample S2 is higher than that of the one-pair QD
sample S1 and the DC series resistance is higher than that of AC series resistance. From these facts, one can
assume that the DC series resistance is the sum of AC series resistance and static resistance R (Rs = RJ¢ +
R©). The R® does not respond to AC signal and has the values of 160 and 20 Q for the one-pair QD sample
S1 and three-pair QD sample S2, respectively. This implies that the three-pair QD sample S2 is more
sensitive to the AC signal. The AC shunt resistance of one-pair QD sample S1 (504 Q) is lower than that of
three-pair QD sample S2 (1.39 kQ). The AC shunt resistances are always higher than the AC series
resistances since the AC shunt resistance is from the AC diode resistance parallel with DC shunt resistance
(dashed frame in Figure 5(a)). As the current flows through the device, a small fraction of the photo-

generated carriers might flow through some defects. This effect can be reflected in the value of DC shunt
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resistance Rsy. The low DC shunt resistance implies the high defect density in the material (Pierret, 1996;
Proctor & Nguyen, 2015). The undesirable DC leakage current flows through the DC shunt resistor. Since
lUpA = Ipy — Ip — Vp/ Rsy and Ip = I,(exp(qVp/nkT) — 1). The high Rsy implies the less current flowing
through the defects. As the leakage current flows, the AC diode resistance tends to be determined by the
leakage current (Gonza lez-Pedro et al., 2010). Values of the resistance can therefore be used to qualitatively

indicate the level of defect in the grown structure.

Conclusion and Suggestions

The DC and AC circuit parameters of hybrid InAs/GaAs and GaSb/GaAs QD solar cells are extracted
from the /-V characteristics and frequency responses of the devices. The DC current, DC voltage and AC
voltage signals are measured by using a single measurement circuit. The DC circuit parameters are extracted by
the fitting of /-V characteristics. They are Ipy, I,, n, Rs and Rsy. The extracted diode ideality factor n = 2.
The general performance of one-pair hybrid QD solar cell sample S1 is better than that of three-pair hybrid
QD sample S2. For the AC parameters, a diode capacitance Cp, diode resistance Rp, AC series resistance and
AC shunt resistance are extracted by the fitting the frequency response under the controlled bias condition at
the maximum power point. Extracted capacitances Cp of one-pair QD sample S1 and three-pair QD sample
S2 are 1.33 nF and 5.47 nF, respectively. We relate this high capacitance value to the high number of
InAs/GaAs and GaSb/GaAs QD pairs. Moreover, the extracted AC series resistances are always lower than
those of DC series resistance.

As suggestions, fabricated solar cells can be further improved by optimizing the structural design and the
crystal growth processes. Reducing the defect density and optimization of the total layer thickness are
recommended. Direct investigation of the effects of buried QD in the solar cell structure is desired. Applying

anti-reflective coating can also enhance the solar cell performance.
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