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ABSTRACT: Cu,ZnSnS, (CZTS) solar cells are an emerging photovoltaic technology owing to their earth
abundance, all-dry processability, and environmental friendliness. Further power conversion efliciency enhancement
of the Cd-free CZTS device necessitates the substitution of traditionally used intrinsic ZnO by an alternative wide-
band-gap window layer. Here, we demonstrate deposition of a ZnMgO window layer of controlled thickness,
composition, and electro-optical properties by atomic layer deposition (ALD). The amorphous ZnMgO deposited at
low temperature down to 100 °C using plasma-enhanced ALD showed smoothness superior to that of high-
temperature plasma-enhanced ALD and doping density comparable to that of high-temperature thermal ALD but
with a much lower electron affinity. The overall charge carrier recombination at the CZTS/ZnSnO/ZnMgO region
was reduced due to the optimized ZnMgO conduction band minimum, thus reducing the V¢ value and fill factor
loss for a CZTS solar cell. In addition, the thinner- and larger-band-gap ZnMgO was believed to reduce the parasitic
absorption, improving the Jsc value and boosting the efficiency to 10%.

Environmentally friendly and earth-abundant Cu,ZnSnS,
(CZTS) solar cells hold the potential as a top cell in tandem
solar cells to couple with the current state-of-the-art low-band-
gap Si solar cell, owing to the wide band gap of the CZTS
absorber (~1.55 eV). A Cd-free CZTS solar cell with a
structure of Mo/CZTS/ZnSnO/i-ZnO/ITO demonstrated an
efficiency of 9.3% in our previous work." It was further boosted
to 10.2% with the passivation of the CZTS/ZnSnO
heterojunction interface by atomic layer deposited Al,O;
(Mo/CZTS/A1203/ZnSnO/i-ZnO/ITO).2 A promising next
step to enhance the power conversion efficiency (PCE) of
CZTS solar cells is to optimize buffer/window structures,
which allows for more flexibility in the optical and electrical
engineering of the device.
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A 50-70 nm thick sputtered intrinsic ZnO (i-ZnO) layer,
also known as a window layer, is commonly employed in
CZTS champion devices.” The presence of i-ZnO increases the
shunt resistance by blocking shunt pathways such as pinholes,
cracks, and voids, thus preventing electrical inhomogeneities
and thereby improving the fill factor (FF) of the solar cell.”
The function of i-ZnO in preventing the shunting path is in
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Figure 1. (a) Schematic representation of the Fiji G2 ALD system with in situ spectroscopic ellipsometry used for the thermal ALD and PE-
ALD deposition in this work. (b) Growth behavior of a ZnMgO film via T-ALD and PE-ALD at 150 °C. (c) Variations in growth per cycle
(GPC; circles and squares) of ZMO films as a function of the ALD subcycle ratio compared to the trends calculated from the rule of mixture
(dashed lines). (d) Experimental composition (filled circles and squares) determined from ICP-OES of the ZMO films as a function of ALD
subcycle ratio compared to the trends calculated from the rule of mixture (dashed lines) and a modified model (open circles and squares).

particular beneficial when the CZTS absorber layer is coated
with a chemical-bath-deposited CdS buffer layer, which
generally has poor conformality compared to a ZnSnO buffer
layer deposited by atomic layer deposition (ALD).” However,
in the case of an ALD ZnSnO buffer layer, a thick i-ZnO layer
might not be necessary and can be replaced with alternative
wider-band-gap thin layers to reduce the parasitic absorption
and hence improve the short-circuit current density (Jgc).
Another reason for replacing the i-ZnO window layer is to
reduce the high carrier recombination at the associated
interface, which is supposed to stem from an unfavorable
conduction band gap offset (CBO), interface defects, and
sputter-induced damage on the surface from the energetic
sputtering deposition of ZnO.*®” It was demonstrated that the
carrier recombination rate can be suppressed through the
optimization of the CBO not only between the buffer and
absorber but also between the window layers and absorber in
Cu(In,Ga)(S,Se), (CIGSSe) solar cells.® Apart from that,
doping the window layer is a critical factor contributing to the
enhancement of V5 and FF, as demonstrated in chalcogenide
devices.”’

A potential window layer satisfying all the above require-
ments is ZnMgO (ZMO) with tunable electro-optical
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properties, with a demonstrated potential with CIGS and
CdTe solar cells:'”"" for example, Solar Frontier achieved the
successful integration of ZMO coupled with a Zn(O,S,0H)
bufter layer in their record CIGS device with a 23.35%
efficiency.'’ ZMO can be deposited by several techniques, such
as sputtering,'” pulsed-laser deposition (PLD),"> metal—
organic chemical vapor deposition (MOCVD),"* and atomic
layer deposition (ALD)."* The band gap of ZMO can be tuned
from 3.3 eV (ZnO) to 7.7 eV (MgO),lz’16 and this shift
primarily results from a change in the position of the
conduction band compared to the vacuum level.'” However,
a substantial decrease in the maximal achievable conductivity is
observed with higher Mg composition,'”'® which limits the
exploration of doping ZMO as a strategy to improve the device
performance. Although ZnMgO can be degenerately doped to/
as n-type by substitutional doping on the cation lattice with Al,
Ga, or B,'”*” more flexibility on intrinsic doping of ZnMgO
can be obtained via thermal ALD (T-ALD) and plasma-
enhanced atomic layer deposition (PE-ALD). Thermal ALD
for deposition of a window layer could benefit device
performance in terms of mitigation of plasma damage”' and
better control over nanostructure and composition.”” In
contrast, PE-ALD gives a high tunability for the intrinsic
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Figure 2. GPC of consecutive ZnO and MgO subcycles using (a—c) T-ALD and (d—g) PE-ALD as measured by in situ ellipsometry. The

dashed lines indicate the GPC for pure ZnO and MgO.

doping of zinc oxides with a much wider range of resistivity
and carrier concentration.”””* However, high-temperature PE-
ALD may result in higher film roughness, degrading the device
performance, causing us to be more focused on developing
low-temperature PE-ALD processes.”

In this work, we employed in situ ellipsometry to monitor
the growth behavior and optical properties and to predict the
composition of the ZMO films by a modified rule of mixtures
(ROM) model, thereby facilitating the accurate control and
tunability of material properties in real time. T-ALD and PE-
ALD were used to explore the ZMO films with a broad range
of electro-optical properties. We demonstrate that the
deposition temperature of ZMO layers that results in the
best device performance can be reduced to 100 °C using PE-
ALD. It shows that a reduced cliff-like CBO between the buffer
and window layer together with moderate doping of ZMO
contributed to the suppressed charge carrier recombination at
the heterojunction. This optimized ZMO window layer
processed by low-temperature PE-ALD simultaneously facili-
tates reducing the parasitic loss and resistance loss and
improving the CBO, thereby enhancing the efficiency to 10%.

Optical Properties and Growth Behaviors. The
ZnMgO ternary films were deposited by tuning the ZnO:MgO
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ratio with a supercycle approach, and the sequence of the two
processes is illustrated in Figure S1. Here, thermal ALD is
abbreviated “T-ALD”, and plasma-enhanced ALD is abbre-
viated “PE-ALD”. A typical supercycle consisted of alternating
m cycles of the ZnO process followed by one cycle of the MgO
process. The desired thickness was achieved by looping the
ALD supercycles. Both T-ALD and PE-ALD were used to
deposit the ZMO films with various compositions by tuning
the Zn/Mg pulse ratio from 9:1 to 2:1. To monitor the optical
properties and growth behavior and to predict the composition
of the ZMO films, in situ spectroscopic ellipsometry (SE) in
the ALD system was used to perform the measurement, as
shown in Figure la. The absorption coefficient was then
calculated from the well-known relation @ = 47k/A, where k
represents the imaginary part of the complex dielectric
constant and A is the light wavelength. Figure S2 shows the
refractive index (n) and extinction coefficient (k) values
extracted from SE as a function of the photon energy for the
different ZMO film compositions. Therefore, the band gap was
acquired by using a Tauc plot for ZMO films deposited by T-
ALD and PE-ALD, as shown in Figure 1b. The band gap of
ZMO increases almost linearly from ~3.2 to ~3.8 eV as a
function of Mg content in the range of 0 < Mg/(Mg+Zn) <
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Figure 3. Atomic force microscope (AFM) morphology of various ZMO thin films deposited through (a—c) T-ALD at 150 °C, (d—f) PE-

ALD at 150 °C, and (g) PE-ALD at 100 °C.

0.36, for both T-ALD and PE-ALD ZMO films. The band gap
of ZMO compounds can be easily tuned by varying the Mg
content, in good agreement with previously published
results.'>"”

The growth behavior and growth rate of ternary ZMO can
be well understood by using in situ SE. As seen in Figure S3,
the dynamic SE data show that T-ALD-processed films have a
distinct incubation period of ~40—50 cycles before a steady-
state growth per cycle (GPC) is achieved. This nucleation
behavior is similar to the growth of pure ZnO, which shows
that ZnO by T-ALD exhibits an island-like growth on Si at the
initial stage.26 In contrast, a linear ALD growth behavior
without a distinct nucleation delay was observed for the PE-
ALD process. The tremendous changes in the nucleation stage
could be attributed to the higher oxidation strength of the
oxygen plasma compared to water, which leads to the rapid
oxidation of the c-Si substrate, resulting in a higher GPC at the
initial stage.”” The average steady-state GPC of the ZMO films
deposited by T-ALD decreased with an increasing percentage
of MgO cycles, while the average GPC of PE-ALD films was
almost constant and independent of the subcycle ratio, as
shown in Figure Ic and summarized in Table S1. We also
compared the experimental GPC with the expected GPC from
the ROM model,>® which assumes the materials grow
independently from one another

GPC = CRyy0GPCq re0 + (1 = CRye0)GPCy, 700
(1)

where GPC,,, and CR, refer to the growth rate of the pure
binary process and the fraction of the cycle of metal oxide x in
the supercycle process, respectively. However, some of the
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experimental GPC values and expected values from the ROM
are not in good agreement, as described in Figure 1c. To better
understand the deviations between experimental and ROM
GPC values, we further checked the dynamic GPC values of
each subcycle at the steady growth stage. GPC values of 1.7
and 1.1 A were determined for pure ZnO and MgO processes
and plotted as dashed lines in Figure 2a—g. For both T-ALD
and PE-ALD, the first 2—3 cycles of ZnO after MgO were
observed to have a significantly lower GPC than for the binary
process, which points toward a nucleation delay when
switching from MgO to ZnO subcycle. This effect could be
related to the reduced reaction site density of the Mg—O
terminated surface compared to Zn—O in the binary process.””
In contrast, the GPC of MgO after the ZnO subcycle was
higher than that in the binary process due to the higher density
of the reaction sites or/and enhanced chemisorption on the
Zn—QO surface. Nevertheless, the reaction mechanism is
different when metal precursors are paired with H,O or O,
plasma coreactant. For the first ZnO cycle after MgO, there is a
deficit of ~40% relative to the value obtained from the binary
process for PE-ALD ZMO films, which is larger than the deficit
of ~20% for T-ALD ZMO films. In contrast, the growth gain
of the MgO cycle was higher in the case of the PE-ALD
process (20—30%) than in the T-ALD process (0—10%). By
comparing the films with Zn/Mg cycle ratios from 9:1 to 2:1, it
can be observed that the nucleation delays and reaction
kinetics play a more dominant role for higher Zn/Mg cycle
ratios. Hence, this could explain the enhanced deviations of
GPC from the ROM value for PE-ALD films with lower Mg
doping, as illustrated in Figure Ic.
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Prediction of Composition. Apart from the growth
behavior, a precise prediction of the film composition is
another challenge in developing the supercycle processes.”” A
modified ROM model is then introduced in this work to
predict the in situ composition. Generally, the expected
composition of the films can be calculated from the rule of
mixtures as

compositionMg ROM

ngOGPCoo,MgOCRMgO
GPCy MgoCRMgo + 7,0 GP Coo,ZnO(l - CRMgO)
)

where pyo, is the atomic density of the binary materials.

P MgO

Figure 1d displays the relative Mg concentration (Mg/(Zn
+Mg)) as a function of the subcycle ratio determined by ICP-
OES compared to the trends calculated from the ROM. When
GPC,,, of the pure binary process was used to estimate the
composition of the ternary films, it led to a significant error
because the ternary films contain less or more of the binary
components than expected caused by the nucleation delay
effects. Therefore, a more accurate model was required to
estimate the composition using an ALD supercycle recipe. In
this work, GPC,,, was replaced by the average dynamic
GPCreaLM},Ox in the ternary process to express the composition

of the deposited films as
Syt CRytgo

G.MgCRMgO + d-Zn(l - CRZnO)

compositionMg

(3)

Where Gy and 67, are represented as areal atomic densities of
Mg and Zn deposited during each ALD cycle in units of
atoms/(cm?* cycle). &y can be described by applying the real-
time GPC measured by in situ ellipsometry

pMyOx GPCreal, MyOXNAy
MW, o

Oy =

(4)

The resulting composition from the real-time GPC im0,

model was found to align well with the experimental value, as
shown in Figure 1d. This model helps to quantify the
composition when developing a supercycle recipe. Further-
more, this model of predicting the composition of ALD ternary
materials could be easily applied to ALD quaternary materials
or a more complex system.

Material and Electrical Properties. The surface
morphology and roughness of ~40 nm ZMO thin films were
then investigated and correlated with the crystalline structure.
The resonant Raman results in Figure S4 show the successful
incorporation of Mg into ZnO. For both T-ALD- and PE-
ALD-processed ZMO films, a monotonous increase in the
frequency of the LO main peaks at around 600 cm ™" with Mg
alloying can be observed.”’ This is related to the increased
lattice constant of ZMO film with increasing Mg concen-
tration, which indicates the successful incorporation of Mg into
the ZnO wurtzite structure. Figure 3 presents atomic force
microscope (AFM) images of ZMO films deposited on soda-
lime glass (SLG) substrates by T-ALD and PE-ALD with
various compositions. At first glance, the T-ALD ZMO films
exhibited superior smoothness and a lower roughness than the
PE-ALD ZMO films. This could be related to the crystalline
growth with a different preferred orientation, as is evident from
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the grazing incidence X-ray diffraction (GIXRD) pattern in
Figure SS5a,b. Previous reports have shown that the variation of
surface roughness was correlated with the crystallinity and
crystal size of the films.*” Specifically, ZMO films grown by T-
ALD at 150 °C (T-ZMO 150) have a preferred orientation
along (100), while the ZMO deposited by PE-ALD at 150 °C
(PE-ZMO 150) were oriented along the (002) direction. Thus,
T-ZMO 150 films tend to be less rough due to the formation
of laterally oriented grains. The T-ZMO 150 films have root-
mean-square (rms) surface roughnesses of 4.0, 2.5, and 2.1 nm
for Zn/Mg pulse ratios of 9:1, 4:1 and 2:1, respectively. A
smoother surface was obtained for ZMO films with a higher
Mg concentration. As indicated by the GIXRD results of ZMO
in Figure SSa, the (002) peak intensity decreased with
increasing Mg incorporation. Therefore, the roughness
decreases as a result of this prohibited growth of grains
perpendicular to the substrate surface. On the other hand, the
roughness shows an opposite trend for PE-ALD ZMO films,
where rms values of 1.5, 5.1, and 7.0 nm were found for ZMO
with Zn/Mg pulse ratios of 9:1, 4:1 and 2:1, respectively,
which correlated with the decreased (100) and (101)
orientations. However, a lower roughness was obtained for
the PE-ALD ZMO film deposited at 100 °C (PE-ZMO 100),
as it turned out to be amorphous with only broad peaks.
Therefore, T-ZMO 150 and PE-ZMO 100 films were
smoother than PE-ZMO 150 for the Zn/Mg ratio of 4:1.
The variation in the material structure directly leads to a
significant change in the electrical properties of the films, as
demonstrated in Figure S5¢,d. For T-ALD ZMO films, the
resistivity was found to increase with the Mg/(Zn+Mg) ratio
as a result of the decreased product of carrier concentration
and carrier mobility. The decrease in carrier concentration has
previously been attributed to an increasing donor activation
energy due to a larger effective mass band structure change™
and a lowering of the active donor concentration due to
composition enrichment.** Furthermore, when the Mg content
becomes higher than 0.2, the Hall signal can hardly be detected
based on the measurement configuration used due to the large
resistivity of the thin films. Similarly, PE-ALD ZMO films
deposited at 150 °C demonstrated a high resistivity, which is
beyond the detection limit of our Hall setup. The different
electrical properties could be correlated with the elemental
concentration change in the ZMO films determined from high-
resolution XPS measurements, as shown in Figure S6. The
atomic ratios of O/(Zn+Mg) in the T-ZMO 150 and PE-ZMO
150 films were determined to be 0.97 and 0.99, respectively, by
evaluating the O 1s, Zn 2p;, and Mg 1s peak areas. This
confirms the formation of more stoichiometric films when the
O, plasma was used as the coreactant. Another noticeable
phenomenon was the discrepancy in O;/Oy ratio, which
represents the ratio of M-O-M species to nonlattice oxygen.
The ratio value for PE-ZMO was found to be 1.36 while that
for T-ZMO was 1.25; hence, the PE-ZMO 150 film possessed
a higher amount of metal oxide lattice species and a lower
density of oxygen deficiency. Oxygen vacancies are believed to
be generally associated with n-type conductivity in doped Zn
oxides.””*” Thus, the PE-ALD-processed ZMO films possessed
enhanced resistivity due to a lower oxygen deficiency. In
contrast, the resistivity of PE-ZMO 100 decreased to 23  cm
compared to PE-ZMO 150 but was slightly smaller than the 47
Q cm of T-ZMO 150 film. Even though the resistivity of the
two films was in the same order, PE-ALD ZMO had a lower
electron concentration than T-ALD ZMO (9.3 X 10" vs 5.5 X
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Table 1. Corresponding Values of Photovoltaic Parameters of the Champion CZTS Solar Cells with Different ZMO Window

Layers Deposited from T-ALD and PE-ALD at Different Temperatures

cell Voc (mV) Jsc (mA cm™2) FF (%) eff (%) R, (Q cm?) Ry, (Q cm?) Jo (mA cm™2)
T-ZMO 150 684 17.7 58.5 7.09 0.98 360 7.74 x 1073
PE-ZMO 150 700 187 57.1 7.47 0.80 268 3.68 x 1073
PE-ZMO 100 710 184 59.2 7.76 0.71 451 1.34 x 1073
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Figure 4. (a—d) Box plots of the photovoltaic parameters of CZTS cells. (e) J—V characteristics, (f) EQE, and (g) Vi as a function of
temperature (T) for the best CZTS device with ZMO window layers deposited from T-ALD and PE-ALD at different temperatures. The Zn/
Mg pulse ratio was kept as 4:1. Ten CZTS solar cells were fabricated per experimental condition.

10'® cm™) but a much higher mobility (29 vs 2.4 cm® V™!
s™"). The increase in Hall mobility with decreased temperature
by PE-ALD may be closely related to the evolution of the
microstructure from polycrystalline films to nanocrystalline
films as shown in Figure SSb, which may be the result of fewer
oxygen vacancies.

Photovoltaic Performance. Having investigated the
growth behavior, composition, and optoelectrical properties
of the ZMO films, we employed them as window layers in
CZTS solar cells (Table 1). A control device with a sputtered i-
ZnO window layer (50 nm thick) was prepared for the
composition batch. Experimental devices with T-ALD films
deposited at 150 °C were labeled as ZMO 2-1, ZMO 4-1, and
ZMO 9-1 for the Zn/Mg pulse ratios of 2:1, 4:1, and 9:1,
respectively, while the thickness was kept constant at 10 nm.
Each group had ten devices, except for the ZMO 9-1 series,
where the very low efliciency cells were excluded in the box
plots. ZMO 9-1 film with a low resistivity of 0.1  cm was too
conductive to block shunt pathways, thereby deteriorating FF
and leading to a low yield (3 points demonstrated).
Comparing the photovoltaic characteristics in Figure S7a, the
ZMO 2-1 and ZMO 4-1 devices demonstrated slightly higher
Voc values when compared to sputtered i-ZnO devices. The
higher V¢ can be attributed to the band alignment change of
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the window layer, which will be discussed later. Apart from
this, the ZMO 4-1 and ZMO 2-1 devices had slightly higher Js
values than the control device, which is mainly due to higher
quantum efficiency in the short-wavelength range, as can be
seen in the external quantum efficiency (EQE) curves shown in
Figure S8. This could be explained by the reduced parasitic
optical loss through higher transparency of the ZMO (3.7 > E,
> 3.4 ¢V) film compared to the reference i-ZnO (E, = 3.3 eV)
window layer and much thinner window layer applied in the
solar cell (10 nm ALD ZMO vs 50 nm i-ZnO). However, all of
the ALD-ZMO devices showed a relatively poor power
conversion efficiency (PCE), where the lower FF mainly
dominates. We also investigated the effects of thickness on the
device performance by fixing the Zn/Mg pulse ratio as 4:1.
Although a better FF can be achieved by using thicker (30 nm)
ZMO layers, the drop in V¢ was still significant, as shown in
Figure S7b,c. The average and best efficiencies of the thinner
ZMO device were still higher than that those of the thicker
device. For the ZMO 2-1 device, a photocurrent blocking
behavior was observed with a strongly reduced FF along with a
decreased Ry, and increased R, which indicated the existence
of charge recombination and increased contact resistance. Even
though the ZMO 4-1 device with an Mg/(Mg+Zn) content of
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Figure 5. Calculated contour plots of (a) open-circuit voltage, (b) fill factor for CZTS/ZnSnO/ZnMgO devices with the variation of ZMO
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(e) J—V characteristics and (f) EQE of the champion CZTS/ZTO/PE-ZMO solar cell with an antireflection coating by using a PE-ZMO
window layer with a Zn/Mg pulse ratio of 4:1 deposited at 100 °C.

~0.2 demonstrated a higher FF close to that of the control
device, there is still room for further improvement.

PE-ALD processed ZMOs have different optoelectrical
properties compared to thermal ALD processed ZMO as
previously mentioned; thus, they were further employed as a
window layer in CZTS devices. Here, T-ZMO 150, PE-ZMO
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150, and PE-ZMO 100 with the same pulse ratio of 4:1 were
used for comparison. It is shown in Figure 4a—d that the
corresponding photovoltaic parameters of PE-ZMO 100
devices were increased compared to PE-ZMO 150 and were
better than T-ZMO 150. The higher performance of the PE-
ZMO devices mainly comes from improved Ve and Jsc.
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Figure 4e,f depicts the J—V characteristics and EQE,
respectively, for the best CZTS device with different window
layers. The Jsc integrated from EQE agreed with the Jg from
the J=V curve. EQE in the wavelength region of 350—450 nm
was notably enhanced when PE-ZMO 100 (3.59 eV) and PE-
ZMO 150 (3.68 eV) with an enlarged band gap were used,
leading to increased Jgc. However, the FF of the PE-ZMO 150
devices dropped compared to the T-ZMO 150 devices,
probably due to the large roughness of the film, which led to
decreased shunt resistance. An impressive enhancement of
average Voc was observed from 684 mV for T-ZMO 150
devices to 700 mV for PE-ZMO 100 and PE-ZMO 150
devices, which could be related to the decreased carrier
recombination through an optimized deposition process.
Therefore, Vo as a function of temperature was examined,
and the activation energy of recombination (E,) was estimated,
as shown in Figure 4g. E, is defined as qVc at a temperature
of 0 K. E, would be equivalent to E, in a p-type absorber if
recombination in the space charge region or the neutral bulk
was dominant. In this case, E, of all the devices was estimated
to be 1306—1368 mV, which was lower than E, of the CZTS
absorber. It was therefore implied that interfacial recombina-
tion was dominant. The device with the PE-ZMO 100 layer
had the highest E, indicating the recombination rate at the
CZTS/ZTO/ZMO region was minimized.

To confirm this, the theoretical effect of the electron affinity
and doping of ZMO on device performance was examined by
SCAPS simulation® with the input parameters summarized in
Table S2. Figure Sa,b consequently describes the simulated FF
and Vi as a function of the electron affinity (y) and doping
density of the ZMO layer. It is evident that y,\o was
optimized in a region from approximately 3.80 to 4.25 eV for
increased FF and V. Within this range, increased doping
density could also lead to an even higher photovoltaic
performance because of the enhanced built-in potential across
the CZTS/ZTO/ZMO p—n junction. It demonstrates that
Voc values over 730 mV can be achieved, provided the
interface offsets and doping are properly engineered. We then
check the band alignments experimentally by applying
ultraviolet photoelectron spectroscopy (UPS) measurements
on ZMO films. Figure Sc shows an overlay of the UPS spectra
for the ZMO layers where the valence band maximum (VBM)
relative to the Fermi energy level (Eg) can be determined from
the well-established method of extrapolating the valence
density of states to zero density. The VBMs estimated from
the valence band spectra for T-ZMO 150, PE-ZMO 150, and
PE-ZMO 100 samples were 3.00 # 0.1, 2.79 + 0.1, and 2.98 +
0.1 eV below Ej, respectively. Once the VBM was determined,
the conduction band minimum (CBM) of ZMOs can be
obtained by adding the band gaps of T-ZMO 150 (3.57 eV),
PE-ZMO 150 (3.59 eV), and PE-ZMO 100 (3.68 eV)
determined from the optical measurements in Figure S9.
Herein, the band diagrams at the heterojunction for CZTS/
ZTO/ZMO are depicted in Figure 5d. As expected, the PE-
ZMOs demonstrated a higher VBM compared to the T-ZMO.
The CBOs at ZTO/ZMO were then inferred according to
Anderson’s rule and were found to be —0.09 + 0.1, —0.15 +
0.1, and —0.42 + 0.1 eV for PE-ZMO 100, PE-ZMO 150, and
T-ZMO 150, respectively. Therefore, PE-ZMOs demonstrated
a reduced cliff-like CBO, which benefited the V¢ of CZTS/
ZTO/PE-ZMO devices. Besides, the device with PE-ZMO 100
had an optimized CBM similar to that of PE-ZMO 150 but a
much higher electron concentration, which could benefit both
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FF and V as shown in the theoretical simulation. Therefore,
an optimized efficiency can be achieved using ZMO deposited
by PE-ALD at 100 °C.

With a better quality of the CZTS absorber layer with a

slightly optimized composition (Cu/(Zn+Sn) = 0.88, Zn/Sn =
1.18), the photovoltaic performance of the CZTS/ZTO/PE-
ZMO device could be boosted even further, as depicted in
Figure S10. The J—V characteristic of the champion solar cell
with a PE-ZMO window layer is shown in Figure Se. Jsc of this
champion device was measured to be 21.1 mA/cm?, which was
even higher than the 20.5 mA/ cm? of the champion CZTS/
ZTO device with an i-ZnO window layer but without any
interface passivation in a previous report.' This enhancement
indicated the better light harvesting of the PE-ZMO device by
using a window layer with a larger band gap and thinner
thickness. Vo of the PE-ZMO device was slightly increased
from 720 to 728 mV, which can be explained by a reduced cliff-
like CBO between the buffer and window layer. By carefully
tuning the optoelectrical properties of the ZMO layer, the PE-
ZMO device showed a higher FF of 65.0% than the previous
champion device, thereby achieving an improved efficiency of
10.0%.
ALD ZnMgO window layers with controlled thickness,
composition, and electro-optical properties were explored in
this work. In situ ellipsometry measurements revealed the
different growth behaviors for ZMOs deposited by T-ALD and
PE-ALD due to the different reactivities of the oxidant.
Consequently, the resulting thin films exhibited quite different
crystalline structures, surface morphologies, and optical and
electrical properties. An amorphous ZMO deposited by low-
temperature PE-ALD showed smoothness superior to that of
high-temperature PE-ALD and doping density comparable to
that of high-temperature T-ALD but a much lower work
function. The CZTS solar cells with an optimized amorphous
ZMO window layer demonstrated a higher efficiency, mainly
due to a higher V¢ and Jsc. EQE in the wavelength region of
350—450 nm was notably enhanced when a larger bandgap of
PE-ZMO 100 (3.59 eV) was used, leading to increased Jgc.
The decreased interface recombination was correlated with the
better overall band alignment at the CZTS/ZnSnO/ZnMgO
region, thereby contributing to the Vo and FF of CZTS/
ZTO/PE-ZMO devices. Finally, a champion 10.0% efficient
PE-ZMO device was demonstrated with a device structure of
Mo/CZTS/ZnSnO/ZnMgO/ITO. This low-temperature PE-
ALD process, together with the in situ ellipsometry analysis,
demonstrates its capabilities in realizing high-efficiency
chalcogenide solar cells and its potential for broad optoelec-
trical applications.
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