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Atomic Layer Deposited Gallium Oxide Buffer Layer
Enables 1.2 V Open-Circuit Voltage in Cuprous

Oxide Solar Cells

Yun Seog Lee, Danny Chua, Riley E. Brandt, Sin Cheng Siah, Jian V. Li,

Jonathan P. Mailoa, Sang Woon Lee, Roy G. Gordon,*

With the growing demand for low-cost solar cells that are truly
scalable to the terawatts level, Earth-abundant and air-stable
semiconductor materials are considered a promising candidate
class of materials.'3] Cuprous oxide (Cu,0) is an Earth-abun-
dant semiconductor with over 20% single-junction theoretical
maximum power conversion efficiency (PCE).*! In particular,
its large bandgap (Eg) of ~2 eV is suitable for a top-cell in a
tandem device with conventlonal silicon- or CIGS-based solar
cells.”! Due to the intrinsic p-type conductivity of this mate-
rial, creating a p—n homojunction of Cu,O has been considered
challenging.l®’] Instead, the most effective approach to fabri-
cate Cu,O-based solar cells has been a heterojunction device
architecture with an n-type transparent conducting oxide (TCO)
including zinc oxide (ZnO) and indium tin oxide.®-1 However,
the PCEs of Cu,0-based heterojunction devices have remained
low, largely due to staggered gap (type-II heterojunction) elec-
tronic band alignment with the TCO layers as well as a high
density of defects at the heterojunction interface.[®1?l The type-
IT heterojunction creates an effective energy gap for interface
recombination (Egp) smaller than the E, of Cu,0, resulting
in a higher interface recombination rate and a significantly
reduced open-circuit voltage (Vo).

To mitigate the non-ideal heterojunction, various buffer
layers have been inserted between the Cu,O and TCO
layers.B%14 Properly controlled electronic band alignment of
the buffer layer and defect density at the interface region has
enhanced the device performance significantly. So far, a gal-
lium oxide (Ga,03) buffer layer grown by pulsed laser deposi-
tion technique has shown the highest PCE of 5.38% among
Cu,0-based solar cells with a V¢ of 0.8 V.’ Ga,05 is a wide-
bandgap semiconductor (E; = 5 eV) that has been studied for
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UV-transmitting optoelectronic applications, demonstrating
surface-defect passivation properties.'>1% While theoretical
and experimental studies showed n-type conductivity of this
material, undoped Ga,0j3 thin-films often behave like an insu-
lator due to the large bandgap.'’'®¥ For solar cell applications,
undoped Ga,0; has been used as an insulating layer in con-
ductor-insulator-semiconductor type solar cells and dye-sensi-
tized solar cells.'®21 In those solar cell applications, the Ga,05
layer was sufficiently thin (less than ~2 nm) to allow a tun-
neling current. In Cu,0O-based solar cells, on the other hand, a
Ga,05 layer up to 90 nm did not obstruct photo-current, which
suggests that the electronic band of the Ga,0; layer is favorably
aligned with neighboring layers, Cu,0O and aluminum-doped
zinc oxide (ZnO:Al).2

In this communication, we demonstrate Cu,0-based hetero-
junction thin-film solar cells with a higher V¢ by incorporating
an atomic layer deposited Ga,0; buffer layer. The atomic layer
deposition (ALD) technique is increasingly applied for photo-
voltaic applications, in particular for depositing buffer layers
and surface passivation layers.?>? On an electrochemically-
deposited Cu,O layer, we deposit a 10-nm-thick Ga,0; buffer
layer that reduces interfacial recombination by improving band-
alignment across the heterojunction and reducing the interface
defect density. The band-alignment of the Ga,Os layer is char-
acterized by X-ray photoelectron spectroscopy (XPS) and optical
measurements. The Ga,0; buffer layer shows an improved
conduction-band offset relative to the Cu,O layer, compared
with that of other buffer layers reported previously. Also, the
XPS measurements reveal that the ALD conditions for the
buffer layer growth reduce the density of Cu?*-related defects at
the Ga,03/Cu,0 interface. Using Ga,0; buffer layers, we fabri-
cate Cu,0-based thin-film solar cells, demonstrating a National
Renewable Energy Laboratory (NREL)-certified PCE and V¢ of
3.97% and 1.20 V, respectively; a pseudo-efficiency of 7.2% was
obtained by Jsc-Voc measurements, which removes the effects
of series resistance.”>?! The device characteristics are further
investigated by temperature-dependent current density vs.
voltage (J—V) and bias-dependent external quantum efficiency
(EQE) measurements to elucidate the performance-loss mecha-
nisms in these devices.

Ga,0; thin-films were deposited at 120 °C in a custom-
built cylindrical ALD reactor with a sample stage 30 cm long
and 3 cm wide, and a chamber volume of 0.627 L. Bis(p-
dimethylamino)tetrakis(dimethylamino)digallium (Figure 1a)
and H,0 were used as a gallium precursor and an oxygen
source, respectively.?’”! During the ALD process of Ga,O; films,

Adv. Mater. 2014, 26, 4704-4710



ADVANCED
MATERIALS

M \110'5

www.MaterialsViews.com

-- guartz substrate-_
— Ga,0,

60

Tand R %

40

20

0
200

1000

600 800
wavelength / nm

1200

Figure 1.

www.advmat.de

2
'
0 =
S
12
-2
8 T T T
|g 6l |
>
<]
% |
= ED=5'18 eV
0 . . _._—’,' iy T
as 4.0 4.5 5.0 55 6.0 6.5

photon energy | eV

(a) The molecular structure of the ALD Ga precursor, bis(4-dimethylamino)tetrakis (dimethylamino)digallium. (b) The surface morphology

of a Ga,0; film deposited on a Si wafer measured by AFM. (c) The optical transmission (T) and reflection (R) spectra of a 0.2-ym-thick Ga,O3 film on
a UV-grade quartz substrate. (d) Bandgap estimation of the ALD Ga,O; film by a linear extrapolation.

the temperatures of the gallium precursor and oxygen source
were maintained at 107 and 25 °C, respectively. High-purity N,
was used as a carrier gas. The exposures of the gallium pre-
cursor and H,0 were estimated to be approximately 3 and
5 Torr-s, respectively. The deposition rate was measured to
be ~0.2 nm per cycle. The atomic ratio between Ga and O in
the deposited film was measured by Rutherford backscattering
spectrometry (RBS). Figure S1 shows the RBS spectrum of a
Ga,0; film deposited on a glassy carbon substrate, which indi-
cates a near stoichiometric ratio of Ga:O of 1:1.6. We investi-
gate the microstructure of the Ga,0; film using atomic force
microscopy (AFM) and X-ray diffraction (XRD) measurements.
The AFM image in Figure 1b shows a smooth surface mor-
phology of a 50-nm-thick Ga,0; film with a grain size range
of 10 — 20 nm and a root mean square roughness value of
~0.3 nm. The XRD spectrum shown in Figure S2 exhibits no
specific peaks from the film, which suggests near amorphous
or nano-crystalline structure of the film. The film is too electri-
cally insulating to measure the resistivity.

To estimate the optical bandgap of the Ga,0; films, we meas-
ured the optical transmission and reflection spectra of Ga,0;
films by using a UV-VIS-IR spectrophotometer. As shown in
Figure 1c, a 200-nm-thick Ga,0; film deposited on a UV-grade
quartz substrate showed excellent optical transmission over a
wavelength range down to ~300 nm. The film's optical bandgap
is estimated by a linear extrapolation using the relation of
(ochv)2 o (hv —E,), where o, h, and v are the optical absorption
coefficient, Planck constant, and photon frequency, respectively.
The band gap of the Ga,03 film was estimated to be 5.18 eV,
which is slightly larger than the values (4.9 — 5.0 eV) reported
previously.!16:28]
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Using the optical bandgap, the electronic band alignment of
the Ga,0; relative to Cu,O is investigated by X-ray photoelec-
tron spectroscopy (XPS), following the procedure by Waldrop
et al. (Figure S3 and S4).2! The binding energies of Cu-2p and
Ga-2p core levels (EGS, and Eg;3)) with respect to valence
band edge positions of Cu,0 and Ga,0; bulk films (Eyz and
Ey5i) are measured to be 932.47 £ 0.04 and 1114.46 + 0.15 eV,
respectively.®l We also prepared a stack sample which consists
of a ~1-nm-thick Ga,0; layer grown by ALD on an electrochem-
ically deposited ~2.5-pm-thick Cu,O film grown following the
procedure described in previous studies.®3% The Ga,0; over-
layer is sufficiently thin to measure the binding energies of
Cu and Ga core levels simultaneously from the sample. The
relative energy difference of —185.26 eV between the two core
levels (B¢, — E¢%:/“°) were used to calculate the conduc-
tion band offset in the Ga,;0;/Cu,O stack sample (AEcz) by the
relation
AEcy =(E&%)“0 — EGe%) 0 ) +(E&S, — EVaid )
—(EEnS, — Eviad ) +(E™* — Eg™°) (1)
where Eg“® and E¢"“° are the bandgap of the bulk Ga,O;
(5.18 eV) and Cu,0 (2.09 eV), respectively.}!! The AEcy is deter-
mined to be —0.18 £ 0.16 eV (cliff) with a valence band offset
of —=3.27 £ 0.16 eV, indicating a type-II heterojunction where
the interface recombination takes place between holes from
Cu,0 and electrons from Ga,0;. As depicted in Figure 2a, the
effective energy gap for interface recombination (Eg ) in the
heterojunction is 1.91 + 0.16 eV which is the energy level differ-
ence between the valence band edge of Cu,0 and the conduc-
tion band edge of Ga,0;.1"3!
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Figure 2. (a) The electronic band alignment of the Ga,03/Cu,O hetero-
junction derived from XPS and optical bandgap measurements, showing
a type-Il heterojunction with a AEcg of —0.18 £ 0.2 eV. (b) The XPS spectra
of the Cu-2p core level for an as-grown Cu,O sample and a Ga,03 (2 nm) /
Cu,O stack sample, which shows a reduction of the Cu?*-related peaks
(asterisks) by the Ga,O; overlayer.

In addition, the chemical state of Cu at the interface is iden-
tified by XPS to investigate the defect density at the Ga,0;/
Cu,0 interface. The Cu?**-related state at the interface has been
considered to create deleterious traps that promote interface
recombination.3%32 Figure 2b shows the XPS spectra of the
Cu-2p core levels of the Ga,03/Cu,0 stack sample and an as-
grown Cu,O bulk sample. The bulk Cu,0 sample shows two
main peaks at 932.3 and 952 eV corresponding to the 2p;,, and
2p1; levels of Cu'* state (Cu,0). A shoulder peak at 934.0 eV
and broad satellite peaks at the 940 — 945 eV region can be
also observed, both of which were attributed to the presence
of the Cu?* state (CuO) on the surface.?® A ~1 nm CuO sur-
face layer is normally formed by an air exposure after electro-
chemical deposition of Cu,O. On the other hand, the Ga,0;/
Cu,0 stack sample does not show the shoulder peak and sat-
ellite peaks from CuO, but two peaks of Cu'* only. Similar
reduction behavior of CuO to Cu,O by diethylzinc as a Zn ALD
precursor has been reported previously, which reduced the den-
sity of Cu?*-related defect at interface and improved the device
performance.?¥] The change of Cu-2p spectra suggests that the
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cell array

Figure 3. (a) A photograph of the fabricated Cu,O-based thin-film solar
cell device, showing a 3 x 6 array of fully-isolated 3 mm x 5 mm size cells.
(b) A cross-sectional SEM image of the device, showing the device struc-
ture of ZnO:Al (80 nm)/Ga,03 (10 nm)/Cu,O (~2.5 pm)/Au (200 nm)
on a SiO, (0.3 pm)/Si substrate. The red dashed line indicates the ALD
Ga, 03 buffer layer.

gallium precursor passivates the Cu®*-related interface defect
effectively during the Ga,03; ALD process, by reducing the CuO
surface layer to Cu,O.

To demonstrate the effect of the Ga,0; buffer layer on Cu,0-
based solar cell performance, we fabricated Cu,0O-based thin-
film solar cells by incorporating a 10-nm-thick Ga,0; layer.
Figure 3 shows a cross-sectional scanning electron microscopy
(SEM) image and a schematic structure of the device: ZnO:Al
n-type TCO (thickness: 80 nm)/Ga,0; buffer (10 nm)/Cu,O
p-type absorber (2.5 pm)/Au bottom electrode (200 nm). Due
to the (111)-preferred growth orientation of polycrystalline
Cu,O thin-films by the electrochemical deposition condition,
the morphology of the Cu,0 layer shows a rough surface tex-
ture that reduces optical reflection. The ZnO:Al and Ga,0;
layers were deposited conformally on the rough surface of
Cu,O by ALD at 120 °C. The same ALD chamber was used,
without breaking vacuum, to create a clean interface between
ZnO:Al and Ga,0;. The devices were completed by depositing
an Al top-electrode grid (1 pm) and a MgF, anti-reflective layer
(95 nm). The optimal thickness of the MgF, layer was deter-
mined by optical simulation using a finite-difference time-
domain (FDTD) optical simulation using the FDTD Solutions
software (Lumerical Solutions, Inc.) to enhance optical absorp-
tion of the device.

The photovoltaic performance of a device was characterized
independently at the NREL and in-house (Table S1). The J-V

Adv. Mater. 2014, 26, 4704-4710
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Figure 4. The J-V curve and photovoltaic characteristics under AM1.5
global normal spectral irradiance (ASTM G173, IEC 60904-3 edition 2 at
25 °C), measured at NREL.

characteristic of the device under 1-Sun AM1.5 global normal
spectral irradiance (ASTM G173, IEC 609043 edition 2 at 25 °C)
is shown in Figure 4. The device was placed on a temperature-
controlled stage to maintain the device temperature at 24.6 +
0.5 °C. A spectral mismatch correction was also applied using
an EQE spectrum with a light bias of 0.4 mA by a white light-
emitting-diode to measure accurate device performance, as
shown in Figure S5. The device exhibits a PCE of 3.97%. The
Voc, the short circuit current density (Jsc), and fill-factor (FF)
of the device are 1.20 V, 7.37 mA-cm~2, and 44.7%, respec-
tively. The low FF originates from the high series-resistance of
the device and reduced photo-generated carrier collection effi-
ciency at increased forward bias condition. Since the TCO and
electrodes are designed to have a series resistance smaller than
0.7 Q-cm?, the resistance from Cu,0 and Ga,0; layers could be
a major contribution to the series resistance of the device. An
implied J-V curve is characterized by Jsc—Voc measurements
under a steady-state illumination, as shown in Figure S6. The
implied J-V curve indicates that the FF can be improved up to
84% if the non-idealities are eliminated, which would yield a
device with a pseudo-PCE of 7.2%.2>2% The V¢ in this study
represents a significant improvement over previously reported
state-of-the-art Cu,O-based devices, including the Cu,0/GaN
(Voc = 0.85 V) and Cu,O/CH;CN liquid junction (0.82 V)
devices as well as the device with a Ga,0; buffer layer grown by
pulsed laser deposition (0.8 V).**34 This breakthrough is made
possible by improved band-alignment and reduced interface-
defects by the ALD-Ga,0j3 layer. However, the measured Vi is
still lower than the expected limit (~1.7 V) proposed by King
et al., which can be attained when only radiative recombination
occurs in Cu,0.5

To investigate the dominant recombination process in the
device, [-V characteristics of the device were also measured
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Figure 5. (a) J-V characteristics of the device under a dark condition
in a semi-log scale and a linear scale (inset). The slope of the semi-log
scale plot shows an ideality factor of ~2.05 near a bias condition of 1 V.
(b) Temperature-dependence of the Vo and Jsc of the device under a
~0.9-sun illumination condition. The dotted line indicates a linear extrap-
olation of the V¢ to a temperature of 0 K.

under a dark condition. Figure 5a shows a semi-log scale and
linear scale plot of J-V of a 3 X 5 mm? size device at room
temperature. The J-V plot shows a rectifying curve that can be
modeled by using the Shockley's diode equation

qVv

ool ) .
where [, q, n, k, and T are the saturation current density,
electron charge, diode ideality factor, Boltzmann constant,
and temperature of the device. Since the J-V characteristics
near zero bias and high forward-bias regions are affected by a
shunt resistance and a series resistance, respectively, we fit the
measured J-V curve near 1.0 V bias to Equation (2). The fitted
parameters of ], and n are estimated to be 1.8 X 1073 A.cm™
and 2.05, respectively. The ideality factor near 2 indicates that
Shockley-Read-Hall (SRH) recombination occurs primarily
in the space charge region (SCR). In the case that J, is driven
by SRH recombination in the SCR of the Cu,O layer only, the
associated ideal J, is expected to be on the order of 107V

107 A-cm for Cu,O by the relation J, =exp(—E, /2kT).
If the dominating SRH recombination is assumed to occur
at the Cu,0/Ga,0; interface, the relation provides a range of
Jo in the order of 107 — 107" A.cm™ by using the Ey of
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1.91 £ 0.16 eV. The fitted ], being higher than the ideal values
suggests that an additional pre-factor (Jy) should be involved in
the description of J, to explain the recombination in the poly-
crystalline and non-epitaxial heterojunction device, which typi-
cally contains a high density of interface defects.

The origin of recombination in the device is further analyzed
by a temperature-dependent J-V measurement under an illu-
minated condition. The device was placed in the cryostat under
vacuum, illuminated with a solar simulator and a set of neu-
tral density filters to achieve ~0.9-sun light intensity. To deter-
mine the activation energy (E,) of J,, we plot Voc and Jsc as a
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Figure 6. (a) The spectra of bias-dependent EQE of the device and cal-
culated absorption depth (o) of Cu,0. (b) The change of EQE under
various bias conditions relative to a zero bias condition. (c) Calculated
optical absorption spectra of each layer in the device by the FDTD optical
simulation, indicating a Jsc entitlement of 11.5 mA.cm=2 The simula-
tion shows a negligible optical loss by the Ga,0; layer. The achieved Jsc
(7.37 mA-cm™2) suggests this device is not optically limited, but instead
limited by poor carrier collection.
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function of device temperature from 130 to 312 K, as shown in
Figure 5b. The temperature-dependence of V¢ can be modeled
as

©)

where ], is the temperature-independent pre-factor of J, in
the relation of J, = Jo exp(—E4 /nkT) 7V If the n, Jsc, and Joo
are independent of T, an extrapolation of Vo to T = 0 K indi-
cates the E, of the J,. Due to a high carrier-activation energy
(0.16 — 0.42 eV) of Cu,0, a significant carrier freeze-out occurs
in the Cu,O layer as temperature decreases, resulting in a
higher resistance.’® In the low-temperature regime, the pho-
tovoltaic performance is reduced significantly, possibly because
the device becomes highly resistive. The linear portion of V¢
at a temperature range between 270 and 312 K is used for the
extrapolation. The extrapolated E, is approximately 1.9 eV,
which is consistent with the E, iz measured by the XPS and
optical bandgap. The estimated E, suggests that the domi-
nating recombination in the devices occurs at the Cu,0/Ga,0;
interface. The fitted value of ], being higher than the ideal case
can be attributed largely to the J,o, which can be a measure of
the heterojunction interface quality.'¥! To further enhance the
Voc of the Cu,0/Ga,0; devices, a lower Jy, and a higher Jsc
are desired, which can be achieved by reducing the density of
interface recombination centers and enhancing the collection
efficiency of photo-generated carriers, respectively.

The collection efficiency of photo-generated carriers by the
device is investigated by bias-dependent EQE measurements.
Figure 6a shows EQE spectra of the device in the wavelength
range between 300 and 700 nm under various bias conditions
(-0.8, 0.4, 0, 0.4, and 0.8 V) and the absorption depth (o) cal-
culated from the o of Cu,0.3Y At zero bias, the spectrum shows
EQE higher than 90% over a wavelength range between 390
and 480 nm. On the other hand, the EQE drops significantly
for the long wavelength range (>480 nm) where the photons
are absorbed far from the heterojunction interface. The low
EQE in the long wavelength range originates from the limited
drift- and diffusion-lengths of photo-generated carriers of elec-
trochemically deposited Cu,O thin films.[®3%4% Figure 6b shows
the change of EQE under biased conditions relative to the zero-
bias condition. The change of the EQE occurs predominantly
in the long wavelength range, which indicates that the photo-
generated carrier collection relies considerably on drift in the
depletion region. At a forward bias of 0.8 V which is near the
maximum power condition, the decreased drift length as well
as the series resistance reduce the EQE significantly. Compared
to the short-circuit condition, forward bias reduces the electric
field assisting carrier drift due to the flatter band bending near
the junction. Figure 6¢ shows the simulated optical absorp-
tion spectra of each layer in the device, calculated by the FDTD
optical simulation. The simulated absorption spectrum of the
Cu,0 layer shows a Jsc entitlement of 11.5 mA-cm™ with the
current device geometry, compared to a theoretical entitlement
of ~15 mA-cm=2M The bias-dependent EQE and the simu-
lated optical absorption spectrum of Cu,O suggest that the FF
and Jsc of the device can be further enhanced by improving the
minority carrier diffusion length in Cu,O.

Adv. Mater. 2014, 26, 4704-4710
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In conclusion, we have successfully demonstrated that
atomic layer deposited Ga,0s is a highly suitable buffer layer
for enhancing the PCE and Vp¢ of Cu,0O-based solar cells.
Pairing Cu,O with a 10-nm-thick Ga,Os layer provides a near
ideal conduction band offset, reducing interface recombination.
The gallium ALD precursor provides an effective reduction
of Cu?*-related defects at heterojunction interface as well as a
highly conformal deposition of the buffer layer on the rough
Cu,0 surface. NREL certified the PCE of a device with a Ga,0;
buffer layer to be 3.97% with a V¢ of 1.20 V at a temperature
0f 24.6 £ 0.5 °C. The temperature-dependent J-V characteristics
of the device indicate that the dominant recombination process
occurs near the Ga,03;/Cu,O interface. The EQE spectra also
show that the device performance is still limited significantly
by inefficient photo-generated carrier collection in addition to
the high series resistance; enhancement of carrier collection
length and complete removal of series resistance are estimated
to enable device efficiencies approaching 11.5% (Voc = 1.20 V,
Jsc=11.5 mA-cm™2, and FF = 84%).

Experimental Section

Solar Cell Fabrication: A silicon wafer with a 0.3-pm-thick thermal
oxide (SiO,) surface layer was diced into 1 x 1 inch? sized pieces to be
used for substrates. A stack of Ti (5 nm)/Au (200 nm)/Ti (5 nm) layers
was deposited by e-beam evaporation, followed by a deposition of a
2.5-pm-thick SiO, layer by plasma-enhanced chemical vapor deposition.
To define a 3 x 6 cell array with a cell area of 3 x 5 mm?, the SiO,/Ti layers
were etched selectively by photolithography and buffered-oxide-etchant
(7:1, ). T. Baker), exposing the Au layer. A 2.5-um-thick Cu,O film was
deposited on the exposed Au area by the galvanostatic electrochemical
method at 40 °C, as described in detail elsewhere.B41l A 10-nm-thick
Ga,03 buffer layer and a 80-nm-thick ZnO:Al TCO layer were deposited
by ALD on the entire area of the substrate. The ZnO:Al layer was
deposited using trimethylaluminum, diethylzinc, and de-ionized water
as Al, Zn, and O sources, respectively. A trimethylaluminum pulse was
introduced after every set of 19 pulses of diethylzinc to reduce the sheet
resistance of the ZnO:Al layer down to ~1 kOhm-sq™'. 1-um-thick Al
top-electrodes were deposited by e-beam evaporation with grid spacing
of 0.5 mm defined by a lift-off process. To isolate cells, the Ga,O; and
ZnO:Al layers were wet-etched partially by a photolithography process.
A 95-nm-thick MgF, film as an anti-reflective layer was deposited by
thermal evaporation.

Characterization: Surface morphologies were probed by atomic force
microscopy using MFP-3D SA (Asylum Research). The microstructures
of the Ga,0; films were characterized by XRD using a PANalytical
X'Pert Pro diffractometer with Cu-Ko radiation. Surface morphologies
of the devices were analyzed using an Ultra 55 FESEM (Zeiss). XPS
measurements were performed by using a PHI VersaProbe Il (Physical
Electronics) and a K-alpha XPS (Thermo Scientific). The optical
properties of the Ga,O; films were measured by using a Lambda 950
UV-VIS-NIR spectrophotometer (PerkinElmer) equipped with an
integrating sphere, and by a V-VASE32 spectroscopic ellipsometer (J. A.
Woollam Co.). The J-V characteristics of the devices were measured by
using a Keithley 2400 sourcemeter. The EQE of the device was measured
by using a QEX7 (PV Measurements) calibrated with a NIST-certified Si
photodiode.
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