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Abstract: An ultra-thin CdS/CIGS heterojunction photodiode fabricated on steel firstly exhibits
dual-mode broadband photodetection from ultraviolet to near infrared spectrum. In the photo-
voltaic mode, the CIGS photodiode, working as a self-driven photodetector, shows an outstanding
photodetection capability (under a light power density of 20 µW cm−2 at 680 nm), reaching a
record detectivity of ∼4.4×1012 Jones, a low noise equivalent power (NEP) of 0.16 pW Hz−1/2

and a high Ilight/Idark ratio of ∼103, but a relatively low responsivity of ∼0.39 A W−1 and an
external quantum efficiency (EQE) of ∼71%. Working under the same illumination but in the
photoconductive mode (1 V reverse bias), the responsivity and EQE are significantly enhanced
to 1.24 A W−1 and 226%, respectively, but with a relatively low detectivity of 7×1010 Jones and
a higher NEP of 10.1 pW Hz−1/2. To explain these results, a corrected photoconductive gain
(G) model indicates that minority electrons could be localized in the defects, surface states and
depletion region of the CIGS photodiode, causing excess hole accumulation in the ultra-thin
CIGS photodiode and thus high EQE over 100% (G over 1).

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Large-area broadband photodetection from ultraviolet to infrared regime is of interest in various
applications, including imaging, spectroscopy, optical communication, environmental monitoring
and chemical or biological sensing [1,2]. Photodetectors normally work either in a photovoltaic
mode without an external bias or in a photoconductive mode with an external bias. In the
photovoltaic mode, a self-driven photodetector usually demonstrates high detectivity for weak
signal detection [3]. However, its external quantum efficiency (EQE) is theoretically below 100%,
which also limits the responsivity. Conversely, in the photoconductive mode, the responsivity is
significantly enhanced thanks to the external bias and the improved charge collection efficiency
[4,5]. However, the illumination to dark current ratio and the detectivity are sacrificed in this
mode due to the rising dark current. Besides, conventional photodetectors working in the
photoconductive mode consumes external energy, while self-driven photodetectors working
in the photovoltaic mode can sustainably operate as individual sensors in harsh environments
without external energy consumption [3,6]. Therefore, dual-mode photodetectors, which
can dynamically switch operation modes, show their potential to realize high detectivity and
responsivity simultaneously in a single device [7].
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As a high-efficient p-type semiconductor used in photovoltaic applications, Cu(In,Ga)Se2
(CIGS) possesses the capability to be used as a light absorbing material in broadband ultra-thin
photodetectors covering the visible spectrum owing to its tunable direct bandgap (1.04-1.67 eV),
high absorption coefficient (>105 cm−1) and outstanding stability [8,9]. However, CIGS-based
photodetectors have barely been studied up to date. Among various structures, CdS/CIGS
heterojunctions were proved to be mature structures for photodetection [9–11]. Working in the
photoconductive mode, CdS/CIGS heterojunction photodiodes were firstly studied for broadband
photodetection [10] and improved by potassium incorporation specifically for the near infrared
(NIR) photodetection [11]. Working in the photovoltaic mode as self-driven photodetectors,
CdS/CIGS heterojunction photodiodes were improved by Al2O3 passivation [9]. In this mode,
CdS/CIGS heterojunctions were also used to fabricate self-driven optical position sensitive
detectors (PSD) thanks to a lateral photovoltaic effect [12,13]. However, these CdS/CIGS
photodetectors with thick CIGS layers over 1 µm, focused either on a single mode, or on
a specifically narrow band photodetection. In our previous research, dual-mode broadband
photodetection was developed in an ultra-thin In2S3/CIGS heterojunction with CIGS thickness
of 800 nm, reaching a record responsivity of 2.06 A W−1 or a detectivity of 3.4×1012 Jones
under 870 nm illumination in the photovoltaic or photoconductive modes, respectively [14].
Several CIGS photodiodes have shown EQE> 100% under high bias, which was explained by a
classical photoconductive gain mechanism caused by photogenerated carrier recirculation and
hole injection [11,14]. However, this hypothesis is problematic because hole injection appears
both in the dark and under illumination if this injection is caused by the band bending from
external bias. Both light and dark currents would thus increase, but it’s questioned whether the
injection gets stronger when the device is illuminated.

Fabricating photodetectors on flexible substrates is of great interest because roll-to-roll
deposition methods can be implemented to lower the manufacturing cost compared to traditional
batch-to-batch or in-line methods on rigid glass substrates [15]. As a well-known promising
flexible substrate, the low-cost stainless-steel foil is used in this work because of its commercial
availability, mechanically stability, and resistance to high temperature [16,17]. However, flexible
substrates cannot provide alkaline doping due to the lack of alkaline elements compared to
standard rigid substrates like soda lime glass substrates. Soda lime glass substrates are indeed
considered as mature substrates to provide the diffusion of alkaline elements like Na and K
through the Mo back electrode into CIGS during the CIGS growth [18]. The doping from alkaline
elements can passivate the defects at CIGS surface, increase the hole concentration in CIGS
absorber and thus contribute to a higher free carrier density used for photoresponse [19–21]. To
provide alkaline elements on flexible substrates, an 8 nm thick NaF precursor is deposited prior
to CIGS evaporation.

Herein, dual-mode operation of an ultra-thin AZO/ZnO/CdS//CIGS/Mo heterojunction photo-
diode on low-carbon steel substrate is firstly realized in broadband photodetection from UV to
near-infrared spectrum (375-910 nm) both in the photovoltaic mode as a self-driven photovoltaic
detector and in the photoconductive mode as a photoconductive detector. The CIGS thickness is
firstly reduced to 750 nm for CdS/CIGS heterojunction photodetectors, which allows to fabricate
commercial CIGS photodetectors in a low-cost way. The dark I-V and C-V behaviors are
discussed and analyzed to help understand the CdS/CIGS heterojunction. Dual-mode broadband
photodetection is demonstrated, reaching a record detectivity of ∼4.4×1012 Jones, a low noise
equivalent power (NEP) of 0.16 pW Hz−1/2 and a high Ilight/Idark ratio of over ∼103 at 0 V, and
an enhanced responsivity of 1.24 A W−1 and an impressive EQE of 226% at 1 V reverse bias.
A stable, fast, and repeatable photoresponse is obtained by switching the incident LED light,
revealing a short response time below 5 ms. To understand the dark characteristics and band offsets
of the CdS/CIGS photodiode, SCAPS-1D and SILVACO ATLAS-2D simulations are investigated
[22,23]. To fully understand the photodetection mechanism, a corrected photoconductive gain
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model is investigated for the CdS/CIGS photodiode, in comparison with the misleading classical
model. These characterizations demonstrate excellent broadband photodetection abilities of the
CdS/CIGS heterojunction photodiode by switching the operation modes.

2. Experimental methods

2.1. Device fabrication

The CdS/CIGS photodiode was fabricated by several groups within European H2020 ARCIGS-M
project. The top layers of the CdS/CIGS photodiode were fabricated by TNO on a commercial
low-carbon steel foil substrate with a top isolation layer from AC&CS in CRM group. Mo (500
nm) was DC sputtered on the steel substrate as a back ohmic contact with CIGS. After introducing
an Alkali element (Na) doping from a thin NaF precursor (8 nm), CIGS (750 nm) with less
defects and higher hole concentration was evaporated by a three-stage co-evaporation process.
Chemical portions of Cu, In and Ga in CIGS are 22.95%, 17.72% and 9.6% respectively. CdS
(50nm) buffer layer was deposited by the chemical bath deposition (CBD). Intrinsic ZnO (50 nm)
and aluminum-doped ZnO (AZO) (300 nm) were sputtered as a highly resistive window layer and
a low resistive contact layer, respectively. The photodetector was completed by the evaporation of
Ni/Ag/Ni top contacts. The whole stack of devices was finally divided into individually contacted
photodiodes (50×100 mm) by mechanical scribes.

2.2. Device characterization

The structure and morphology of the CdS/CIGS photodiode were characterized by Zeiss Auriga
focused ion beam–scanning electron microscopy (FIB-SEM). The dark current-voltage(I-V)
curve and capacitance-voltage (C-V) curve at 5000 Hz frequency were measured by four-point
probe measurements on a low signal probe station (PM8PS) connected to Agilent B1500A
Semiconductor Device Analyzer. The current-voltage (I-V), and time-dependent transient current
(I-T) were measured by the same technique under the illumination of light emitting diodes
(Thorlabs, LED375L-LED910L) specifically at 375, 395, 430, 450, 490, 505, 555, 590, 630, 680,
760, 810, 870, 910 nm. For the I-V measurements, the LEDs were powered by Keithley 2400
source meter. For the transient response measurements, the LEDs were powered by Tektronix
AFG2021 Arbitrary Function Generator. The incident light densities of LEDs were measured by a
power meter (Ophir Optronics, Ophir Nova 1Z01500), integrating a standard silicon photodetector
PD300 with detection range from 200 to 1100 nm. A shadow mask was used to fix the effective
photodetection area of the CdS/CIGS photodiode and eliminate the influence of neighbor devices.
All the measurements were performed at a constant chuck temperature of 25 °C.

3. Experimental results

The schematic structure of the CdS/CIGS photodiode is shown in Fig. 1(a). A cross-section
scanning electron microscope (SEM) image of the CdS/CIGS photodiode shows well prepared
distinct interfaces for each layer in Fig. 1(b). Mo back-contact layer, CIGS absorber, CdS buffer
layer, ZnO window layer and AZO contact layer can be seen clearly in the SEM image from
bottom to top on the low-carbon steel foil substrate.

To analyze the dark characteristics of the CdS/CIGS photodiode, a single diode model, which
includes a diode (D), a shunt resistance (Rshunt) and a series resistance (Rs), is used to fit the
dark current-voltage (Idark-V) and dark current density-voltage (Jdark-V) experimental curves
in Fig. 1(c). The equivalent circuit of this model was presented in [14]. In this model, each
component is extracted from corresponding bias region to distinguish the different contributions
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Fig. 1. (a) Schematic Structure and (b) cross-section SEM image of the CdS/CIGS
photodiode. (c) Dark I-V curve of the CdS/CIGS photodiode (the inserts are experimental
and simulated dark J-V curves in logarithm scale). (d) Dark C-V curve and calculated
NCV -W curve of the CdS/CIGS photodiode.

to Jdark, which is modelled by:

Jdark = J0

{︃
exp

[︃
q(V − JdarkRS)

nkT

]︃
− 1

}︃
+

V − JdarkRS
Rshunt

(1)

where V is the applied voltage, q is the electron charge, k is the Boltzmann constant, and T is the
temperature.

The first term of (1), extracting diffusion current parameters and Rs from high forward bias,
provides good fitting between the experiment curve and the model, with J0 of 7.33×10−8 A cm−2,
n of 1.86 and Rs of 0.5 Ω·cm2. The shunt leakage current is dominant under the reverse bias,
and Rshunt is obtained from the minimum of dJ/dV [24]. The CdS/CIGS photodiode on steel
shows a lower Rshunt of 5.33×102 Ω·cm2, than the reported Rshunt from 103 to 104 Ω·cm2 for a
CdS/CIGS heterojunction on glass and thus a higher dark shunt leakage current [25]. By setting
the calculated Rshunt and Rs in SCAPS simulation [22], the dark characteristics in Fig. 1(c) reveal
excellent fitting between measurement and simulation, that justifies the use of the single-diode
model.

The low-frequency capacitance-voltage (C-V) curve of the CdS/CIGS photodiode is performed
in the dark (Fig. 1(d)). The capacitance increases sub-linearly from reverse to low forward
bias region with the decrease of depletion region depth, but exponentially when the diode
current dominates. At high forward bias, the series resistance strongly impacts the capacitance
measurement. From C-V curve, the net free carrier concentration (NCV ) and the depletion region
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width (W) can both be calculated by [26]:

NCV =
−2

qε0εA2[d(1/c2)/dV]
(2)

W =
ε0εA

C
(3)

where ε0 is the vacuum permittivity, ε is the CIGS dielectric constant (=13.6), and A is the device
area (=0.5 cm2). In Fig. 1(d), NCV is plotted against W, extracting NCV of 3.11×1016 cm−3 and
W of 227 nm at 0 V. Such high NCV , which is close to other CIGS/CdS heterojunctions on glass,
is attributed to an enhanced Na concentration from the NaF precursor [11,27]. More defects
within the bandgap for CIGS fabricated on steel substrates causes a narrower W compared to
CIGS/CdS heterojunctions on glass [26,27], which is consistent with high capacitance measured
for the device on steel.

Next, the dual-mode broadband photodetection of the CdS/CIGS photodiode is investigated.
Photoresponsivity (R), and Detectivity (D), which are two figures of merit to evaluate the
photodetector sensitivity to the incident light and its ability to detect weak optical signal, are
given by [28]:

R =
Iphoto

PA
=

Ilight − Idark

PA
(4)

D =
RAeff

0.5

(2qIdark)
0.5 (5)

where Iphoto is the excited photocurrent, Ilight is the current under illumination, Idark is the
current in the dark, P is the incident light density, and Aeff is the effective illuminated area of
the photodetector (=0.5 cm2). Noise equivalent power (NEP), that is defined as the minimum
incident optical power to produce a signal-to-noise ratio (SNR) of 1 in a 1 Hz bandwidth, is
obtained by [29,30]:

NEP =
In
R

≈
Ins
R
=

(2qIdarkB)0.5

R
=

(Aeff B)0.5

D
(6)

where In is the total noise current, and B is the bandwidth (B is normalized as 1 Hz). In
photodetectors, shot noise current (Ins) from the dark current is dominant [31]. Defining B as 1
Hz, NEP of the photodetectors can be simply calculated from D [29,31]. Moreover, external
quantum efficiency (EQE), which can also be described as photogain (G), is defined as the ratio
of photogenerated carriers to incident photons, and obtained by [30]:

G = EQE =
hcR
qλ

(7)

where h is the Plank constant, c is the light velocity, and λ is the incident light wavelength.
To analyze the dual-mode broadband photodetection, the spectral responsivity, EQE and

detectivity of the CdS/CIGS photodiode from 375 to 910 nm illuminations of 100 µW cm−2

are calculated in Fig. 2(a-c) both in the photovoltaic mode (0 V bias) and photoconductive
mode (1 V reverse bias). In the photovoltaic mode, high detectivities over 2×1012 Jones are
obtained from 395 to 910 nm thanks to their negligible dark current with the absence of external
bias. The maximum detectivity and minimum NEP reach 4.4×1012 Jones and 0.16 pW Hz−1/2

at 680 nm, respectively. However, the responsivities and EQEs are below 0.4 A W−1 and
100%, respectively, because of low photocurrent without external bias. In contrast, in the
photoconductive mode, enhanced responsivities over 0.4 A W−1 are obtained from 490 to 910
nm. Meanwhile, impressive EQEs over 100% are observed from 490 to 680 nm due to the
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photoconductive gain mechanism. The maximum responsivity is extracted to be 0.66 A W−1 at
680 nm, corresponding to a high EQE of 121%. However, the detectivities and NEPs are below
4×1010 Jones and over 17.68 pW Hz−1/2 due to the enhanced dark current. In summary, the
CdS/CIGS photodiode is broadband photosensitive both in the photovoltaic and photoconductive
modes, demonstrating either excellent detectivity or responsivity.

Fig. 2. (a) Responsivity, (b) EQE, and (c) Detectivity of the CdS/CIGS photodiode under
100 µW cm−2 illuminations from 375 to 910 nm with 0 V and 1 V reverse biases.

To better clarify the photoelectrical performances of the CdS/CIGS photodiode, the J-V
characteristics are characterized in Fig. 3(a) under 680 nm illumination in the visible spectrum
with incident light power densities varying from 20 to 500 µW cm−2. In Fig. 3(b), the dependence
of photocurrent on the light power density under 0, 0.5 and 1 V reverse bias can be fitted by a
power law:

Iphoto ∼ CPα (8)

where P is the light power density, C is a scaling constant, α is the exponent factor, which reflects
the efficiency of photoexcited carriers and is ideally equal to 1 [7]. Such behavior is caused by
increased photogenerated carriers with increasing incident photons from the LED illumination.
In the photovoltaic mode (0 V bias), the exponent factor α≈1 verifies very few trap states in
the band gap and a good quality of the CdS/CIGS heterojunction [9]. However, α decreases
with the increasing voltage bias to ∼0.8 in the photoconductive mode (here 1 V reverse bias).
Such sublinear behavior indicates that the photocurrent is dominated by the photoconductive
mechanism [32,33]. With increasing photon flux in the photodiode, the reduced available traps
result in the saturation of photocurrent, while the charge carrier photogeneration efficiency is
proportional to the absorbed photon flux at a lower light density [34,35]. From the time-dependent
transient photoresponse under 1 V reverse bias in Fig. 3(c), low rise and decay times of the
CdS/CIGS photodiode are both estimated below 5 ms in Fig. 3(d), suggesting a stable, fast,
and repeatable photoresponse of the CdS/CIGS photodiode. However, in such mode, the ratio
of Ilight/Idark (∼1.07) is quite low under 100 µW cm−2 illumination, which can be significantly
enhanced to over ∼103 in the photovoltaic mode.

Additionally, the responsivity, EQE and detectivity of the CdS/CIGS photodiode with varying
light power densities from 20 to 500 µW cm−2 under 0, 0.5 and 1 V reverse biases are calculated
in Fig. 4(a-c). In the photovoltaic mode (0 V bias), the CdS/CIGS photodiode works as a
self-driven photodiode at a light density of 20 µW cm−2 under 680 nm illumination and reaches
a record detectivity of ∼4.4×1012 Jones and a low NEP of 0.16 pW Hz−1/2, but a relatively low
responsivity of ∼0.39 A W−1 and an EQE of ∼71%. In the photoconductive mode (1 V reverse
bias), the CdS/CIGS photodiode demonstrates an excellent responsivity of 1.24 A W−1 and an
ultra-high EQE of 226%, but a relatively low detectivity of 7×1010 Jones and a higher NEP of
10.1 pW Hz−1/2 due to the photoconductive gain mechanism. This mechanism will be discussed
in detail below.
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Fig. 3. (a) J-V curves in the dark and under 680 nm illumination at different incident
light power densities. (b) Power density-dependent photocurrent fitted by power law. (c)
Time-dependent transient photoresponse and (d) the rise and decay times of the photodiode
under 680 nm illumination of 20, 100 and 500 µW cm−2 with 1 V reverse bias.

Fig. 4. (a) Responsivity, (b) EQE, and (c) detectivity of the photodiode under 680 nm
illumination with 0, 0.5 and 1 V reverse biases.
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Broadband photodetection is important to extend the spectral range of application for pho-
todetectors. To further study the capability of broadband photodetection for the CdS/CIGS
photodiode, the photoresponse characteristics are extended to the wavelength of 870 nm, which
corresponds to the near-infrared light. The J-V characteristics are characterized in Fig. 5(a) under
870nm illumination with incident light power densities varying from 20 to 500 µW cm−2. In
Fig. 5(b), the dependence of photocurrent on the light power density under 0, 0.5 and 1 V reverse
bias can be fitted by the power law. In the photovoltaic mode (0 V bias), Iphoto∼P0.98, approaching
the ideal exponent factor of 1, implies very few trap state excitations. In the photoconductive
mode (1 V reverse bias), Iphoto∼P0.78, obtaining a decreased exponent factor α, is attributed to the
photoconductive mechanism [32,33]. From the time-dependent transient photoresponse under
1 V reverse bias in Fig. 5(c), low rise and decay times of the CdS/CIGS photodiode are both
estimated below 5 ms again in Fig. 5(d).

Fig. 5. (a) J-V curves in the dark and under 870 nm illumination at different incident
light power densities. (b) Power density-dependent photocurrent fitted by power law. (c)
Time-dependent transient photoresponse and (d) the rise and decay time of the photodiode
under 680 nm illumination of 20, 100 and 500 µW cm−2 with 1 V reverse bias.

Additionally, the responsivity, EQE and detectivity of the CdS/CIGS photodiode with varying
light power densities from 20 to 500 µW cm−2 under 0, 0.5 and 1 V reverse biases are calculated
in Fig. 6(a-c) under 870nm illumination. The CdS/CIGS photodiode exhibits excellent light
detection abilities under an incident light power density of 20 µW cm−2 in both modes. In the
photovoltaic mode (0 V bias), the CdS/CIGS photodiode, working as a self-driven photodiode,
reaches a high detectivity of ∼3.3×1012 Jones and a low NEP of 0.21 pW Hz−1/2, but a relatively
low responsivity of ∼0.29 A W−1 and an EQE of ∼41%. In the photoconductive mode (1 V
reverse bias), the CdS/CIGS photodiode demonstrates an excellent responsivity of 1.11 A W−1
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and a high EQE of 158%, but a relatively low detectivity of 6.2×1010 Jones and a NEP of 11.4
pW Hz−1/2 thanks to the photoconductive gain mechanism.

Fig. 6. (a) Responsivity, (b) EQE, and (c) detectivity of the photodiode under 870 nm
illumination with 0, 0.5 and 1 V reverse biases.

4. Discussion

To better clarify the photodetection mechanism of the CdS/CIGS photodiode, the dependence of
the ratio between the current under illumination (680 nm, 100 µW cm−2) and the dark current on
the reverse bias is shown in Fig. 7(a). This illustrates two distinct regions with different slopes.
SILVACO ATLAS numerical device simulations [23] are performed to obtain the schematic
energy band diagrams in both photovoltaic mode in Fig. 7(b) and photoconductive mode in
Fig. 7(c), and the electric filed distribution at 0V and 1V reverse bias in Fig. 7(d), respectively.
A n-p CdS/CIGS heterojunction and a n-n CdS/ZnO interface are observed. At the CdS/CIGS
heterojunction, a moderate spike-like conduction band offset (CBO) where the conduction band
minimum (CBM) of CdS is higher than that of CIGS, is helpful to reduce the interfacial carrier
recombination by increasing the interface recombination barrier without prohibiting the transport
of photogenerated electrons from CIGS towards CdS [36,37]. Meanwhile, a large valence band
offset (VBO) at the CdS/CIGS interface can reflect the photogenerated holes and reduce the
interfacial carrier recombination [37]. Under low bias in Region A, the increasing dark current
due to higher probability of trap-assisted tunneling and less photogenerated carriers blocked
by the spike CBO with increasing bias jointly contribute to the decrease of Ilight/Idark. Next,
when increasing the external bias in Region B, all the photogenerated carriers can cross the
spike CBO, which causes saturation and almost constant slope of Ilight/Idark. This means that the
heterojunction acts like a photoconductor rather than a photodiode in Region B [38]. Therefore,
the performances of the CdS/CIGS photodiode operating in Region B can be analyzed as a pure
photoconductor, taking the photoconductive gain mechanism into account.

In the photovoltaic mode illustrated in Fig. 7(b), which corresponds to Region A of Fig. 7(a), a
self-driven photogeneration process is supported by effective photon absorption in CIGS absorber,
photogenerated carrier separation by the built-in electrical field in space charge region (SCR),
diffusion of photogenerated carriers towards quasi-neutral region (QNR), and collection of
photogenerated electron-hole pairs at the contacts. In Fig. 7(c), which corresponds to Region B of
Fig. 7(a), 1V reverse bias applied to the photodiode, splits the Fermi-level (EF) into quasi-electron
Fermi level (EFN) and quasi-hole Fermi level (EFP) due to the thermodynamic equilibrium.
Applied reverse voltage (VB) increases the p-n junction barrier by eVB, seems to narrow the
effective bandgap and enhances the electrical field density in pn junction, which is also observed
from Fig. 7(d). Applying a reverse VB of 1 V, SCR width is extended from 227.3 to 292.4 nm, as
extracted from Fig. 1(d) and consistent with the simulation results in Fig. 7(d).

CIGS photodiodes show higher responsivity and impressive EQE over 100% (G> 1) in
the photoconductive mode. According to the standard theory, such high gain can originate
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Fig. 7. (a) The ratio between the current under 680 nm illumination at 100 µW cm−2 and
the dark current versus reverse bias. Schematic energy band diagrams of the CdS/CIGS
photodiode under illumination in (b) photovoltaic (0 V bias) and (c) photoconductive mode
(1 V reverse bias). (d) Electric field density distribution at 0 V and 1 V reverse bias.

from either a multiple electron-hole pair generation process from a single photon or extra
charges injected from the external circuit [39]. The second hypothesis is consistent with the
classical photoconductive gain mechanism especially when the incident photon energy is low.
By preventing carrier recombination, this mechanism producing multiple charge carriers by one
single photon, is realized by carrier recirculation after one single photon absorption. However,
this classical theory remains controversial and problematic [40,41]. Therefore, in this paper, a
corrected model is introduced to explain the origin of the high gain observed in our experiments.

The classical photoconductive gain model predicts the photoconductive gain (G) by [41,42]:

G = τlife
(︃

1
τtn
+

1
τtp

)︃
=
τlife

τtn

(︃
1 +
µp

µn

)︃
(9)

where τlife is the minority carrier lifetime, τtn and τtp are the free-flowing electron and hole
transit times between electrodes, µn and µp are the electron and hole mobilities. Equation (9)
suits both n-type and p-type semiconductors, but it is normally simplified as [30,43]:

G =
τlife

τtransit
(10)

where τtransit is simplified as the device transit time. Such approximation is correct only for
n-type semiconductors, when µn is much larger than µp, or when τtn is much smaller than τtp.
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For p-type semiconductors, G is underestimated by Eq. (10) and can be correctly estimated by
Eq. (9). More specifically, photogenerated carriers could travel several times through the circuit,
once the carrier transit time decreased by external electrical field gets smaller than the carrier
recombination time [5,44]. In the photoconductive mode, increasing reverse bias enhances drift
and diffusion velocities for free-flowing carriers and thus reduces τtn and τtp, which can be
predicted by simulation in Fig. 7(d) and calculated by [42]:

τtn,p = τdrift + τdiffusion =
L

Eµn,p
+

4W2

π2Dn, p
(11)

where L is the hole drift length, E is the average electrical field density in SCR, W is the diffusion
length, µn,p is the electron or hole mobility, and Dn,p is the electron or hole diffusion coefficient
according to Einstein relation (Dn,p =

kT
q µn,p). For our device working at 1 V reverse bias, with

L= 292 nm, W= 458 nm, E= 6×104 V cm−1, and µp= 12.5 cm2 V−1 s−1 in CIGS [25], τtp is
estimated to be ∼2.67 ns (τdrift= 0.039 ns, τdiffusion= 2.63 ns). Neglecting τdrift due to the short
drift length and the high electrical field in CdS and ZnO, with W= 300nm, and µn= 100 cm2

V−1 s−1 in AZO, τtn is estimated to be ∼0.14 ns. According to Eq. (9), G> 1 (EQE> 100%) can
be obtained once τlife is larger than τnτp

τn+τp
= 0.133 ns, the measured electron lifetime in CIGS,

being normally about tens of nanoseconds [45,46]. In this model, photogenerated electrons
(minority carriers) can be trapped for a duration of τlife due to the built-in-field in SCR and the
electron traps in CIGS [39,47]. To maintain charge conservation, a hole is replenished from ZnO
once a hole reaches Mo, enabling multiple holes to circulate through the circuit after one single
electron–hole photogeneration [47]. Such hole injection is possibly caused by the thermionic
emission or field emission when majority carriers tunnel through the junction at an ultra-high
applied voltage [48]. However, in this work, the photogain exceeds 1 at a low reverse bias of
0.5 or 1 V, which can hardly cause hole tunneling. The thick CdS/CIGS heterojunction (i.e.,
292.4 nm at 0 V, 227.3nm at -1 V) blocks the hole tunneling and no clear tunneling point was
observed in the I-V curves. Here, the classical model mistakenly assumes a uniform distribution
of photogenerated excess carriers and equal concentrations of photogenerated excess holes and
electrons in semiconductor [41]. Obviously, the concentration of excess carriers in CIGS is
nonuniform and voltage-dependent due to the metal-semiconductor boundary and the external
bias. At the CIGS/Mo interface, the photogenerated carriers become zero since the metal doesn’t
generate any photocarrier. To keep continuity, the photogenerated carrier concentration has to
decrease sharply near the interface. The external bias helps the photogenerated holes to drift
towards the QNR in CIGS, which causes an excess hole accumulation in the QNR.

Considering the metal-semiconductor boundary and the extrinsic trapping effect from defects,
surface states and depletion region, a new corrected model is given by [41]:

G =
τn,eff

τtransit

(︃
1 + G′

µp

µn

)︃
(12)

where τn,eff is the effective minority carrier lifetime, G’ is defined as the gain calculated from
excess carrier concentration, and µn is the CIGS electron mobility. In this corrected model,
τn,eff = △n/g, where g is the average photogeneration rate, introduces △n as the average excess
electron concentration to avoid the wrong assumption of uniform distribution of excess carriers.
G′ =

△p
△n considers △p and △n as the excess hole and electron concentrations, respectively.

According to the corrected model, there are two main ways to improve the photogain of a
photodetector. Firstly, if µp is larger than µn, the photogain can be improved but always stays
lower than the ratio of the majority to minority mobilities [41]. However, experimentally, it’s
hard to reach a higher µp than µn for a p-type semiconductor such as CIGS. Secondly, G’ can be
enhanced to over 1, once △n<△p. If the semiconductor is perfect without any defects and surface
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states, G’ is equal to 1. However, with defects and surface states, excess minority electrons might
be trapped in the defects, surface states and depletion region, while the same number of holes
are left in the CdS/CIGS photodiode [40]. In such case, the number of excess holes becomes
higher than that of electrons, which causes G’>1 and thus G> 1 (EQE> 100%). However, with
increasing light density, available trap states would be gradually saturated, which makes the extra
electron-hole pairs recombine immediately and prevent the photoconductive gain process [49].
Therefore, photoconductive gain mechanism is more pronounced at a lower incident light density
under higher bias voltage.

The optoelectrical performances of the as-fabricated CdS/CIGS photodiode in this work
are summarized and compared to other recently reported CIGS- or CdS-based heterojunction
photodiodes in Table 1. The K-doped CIGS shows the highest responsivity but is designed
specifically for the near-infrared photodetection [11]. Compared to other broadband CdS/CIGS
photodiodes, our ultra-thin photodiode with the thinnest reported CIGS film of 750 nm for
photodetectors, exhibits outstanding performances while working at both photovoltaic and
photoconductive mode. Under 0 V bias, the as-fabricated photodiode indicates a record
detectivity, which is 139% higher than the best reported detectivity for CdS/CIGS photodetectors
[9]. Under 1 V reverse bias, excellent responsivity and EQE are 4% and 25% higher, respectively,
than the reported highest values for broadband CdS/CIGS photodetectors [10]. Meanwhile,
relatively low predicted rise and decay times, lower than 5 ms, are obtained. Compared to other
CdS-based heterojunction photodiodes, CdS/CIGS photodiode in this work shows obviously
higher responsivity and EQE, as well as competitive detectivity and response times [50–52].

Table 1. Comparison with previously reported CIGS- or CdS-based heterojunction photodiodes

Structure Measured Conditionsa R [A W−1] EQE D [Jones] Rise/Decay
Times [ms]

Refs.

CdS/Al2O3/CIGS PV (0 V, λ=800 nm) 0.54 ∼90% 1.84×1012 0.003/0.006 [9]

Flexible CdS/CIGS PC (-2 V, λ=808 nm) 1.18 181%b 6.65×1010 70/88 [10]

CdS/K-doped CIGS
PV (0 V, λ=980 nm) ∼0.35 ∼45% ∼1×1010 /

[11]
PC (-0.4 V, λ=980 nm) 1.87 237% 6.45×1010 20/20

CdS/Se PV (0V, λ=500 nm) 0.04 9.9%b 1.3×1013 0.002/22 [50]

Flexible CdS/Si PV (0V, λ=325 nm) 0.0046 1.8%b 1×1012 245/277 [51]

CdS/SnS PV (0V, λ=650 nm) 0.0104 2% 3.56×1011 <30 [52]

CdS/CIGS
PV (0V, λ=680 nm) ∼0.39 ∼71% ∼4.4×1012 /

This work
PC (-1V, λ=680 nm) 1.24 226% 7×1010 <5/<5

aThe photovoltaic and photoconductive modes are abbreviated as PV and PC, respectively.
bThis value is not obtained from the literature but calculated from Eq. (7).

5. Conclusions

In this work, a high-performance ultra-thin CdS/CIGS heterojunction photodiode, fabricated on
steel, firstly exhibits dual-mode broadband photodetection from UV to near-infrared spectrum,
reaching both high responsivity and detectivity by switching the detection modes of the device.
From 395 to 910 nm, excellent responsivities over 0.4 A W−1 and impressive EQEs over 100%
are observed in the photoconductive mode (1 V reverse bias), while high detectivities over 2×1012

Jones are obtained in the photovoltaic mode (0V). Importantly, the CdS/CIGS photodiode shows
its best performances under an incident light power of 20 µW cm−2. Operating in the photovoltaic
mode as a self-driven photodetector without external energy consumption, the photodiode reaches
a record detectivity of ∼4.4×1012 Jones, a low noise equivalent power (NEP) of 0.16 pW Hz−1/2,
and a high Ilight/Idark ratio of over ∼103 at 680 nm illumination. Working in the photoconductive
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mode, the photodiode reaches a significantly enhanced responsivity of 1.24 A W−1 and an
impressive EQE of 226%. By SILVACO ATLAS simulation and theoretical analysis, a moderate
spike-like CBO and a large VBO help to reduce the interfacial carrier recombination. In the
photovoltaic mode, the responsivity and EQE of the photodiode are both limited due to the lack of
an effective photoconductive gain mechanism. According to the corrected gain mechanism, EQE
over 100% can originate from the difference between photogenerated excess hole and electron
concentrations in the device, caused by the trapped minority electrons in the defects, surface
states and depletion region. These superior results indicate that the CdS/CIGS heterojunction
photodiode is a promising photodetector to balance the responsivity and detectivity in a single
device. Finally, the steel substrate offers the possibility to further study its flexible performances
for potential portable applications.
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