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Abstract
Ternary zinc tin oxide (ZTO) is one of the few environmental compatible buffer materials with the potential of replacing the n‐CdS buffer in Cu(In,Ga)Se2 (CIGS) solar cells
and other photovoltaic systems once its properties are fully understood and
optimized. In this work, ZTO films were grown by atomic layer deposition and were
logically characterized with the aim of understanding the correlations between compositional changes and film properties. The ZnO:SnO2 pulse ratio significantly
affected the growth rate, crystal structure, morphology, and band gap of the ZTO
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films. By controlling the Sn/(Sn + Zn) atomic ratio, the optical band gap of the ZTO
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yielded photo‐conversion efficiency close to 14%, which was very comparable to
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films was tuned between 3.05 and 3.36 eV. Integrating the ZTO films as buffer layers
in CIGS solar cells, we observed that films with Sn concentrations of 9 to 16 at.%
efficiency attained with the commonly used CdS buffer. Furthermore, using X‐ray
photoelectron spectroscopy analysis, we correlated the current‐voltage behavior of
the cells to the conduction band offset at the ZTO/ CIGS interface.
KEY W ORDS

atomic layer deposition, band gap bowing, conduction band offset, photo‐conversion efficiency,
Zn1‐xSnxO

I N T RO D U CT I O N

although the chemical bath deposition process offers a number of
advantages including altering the CIGS interface to enhance device

Among the second‐generation photovoltaic technologies, Cu(In,Ga)Se2

performance,2 it presents a major drawback in adopting a continuous

(CIGS) thin film solar cells have reached an impressive lab‐scale power

vacuum‐based process for large‐scale cell/module fabrication.5 For

1

conversion efficiency of 22.6%, and the various ongoing research

these reasons, alternative cheap, environmentally friendly and equally

activities promise to push the efficiency even higher. More importantly,

efficient buffers are being explored to replace CdS. In2S3,5,6 Zn(O,S)/

the continuous decrease in manufacturing cost is rendering CIGS solar

ZnS,7-10 ZnMgO,11 and Zn1‐xSnxOy (ZTO)12 are a few of the actively

cell very competitive to crystalline silicon solar cells. However, there still

studied buffer materials. Among them, ZTO has attracted much atten-

remain many challenges that hinder the global commercialization of the

tion because of the abundance of its constituent elements, its large

CIGS technology, including the n‐type cadmium sulfide (CdS) used as

tunable band gap, and good stability.13-15 Zinc tin oxide films have also

buffer layer. The narrow band gap of CdS results in parasitic absorption

been applied as transparent conducting oxides in organic light‐emitting

of high‐energy photons, which reduces the photo‐generated current of

diode,15 active channel layer in thin film transistor,16 gas sensors17,18

2,3

In addition, the toxicity of cadmium raises major health and

and photocatalysts.19 However, as a buffer layer for solar cells, not

environmental concerns forcing many countries to place bans on the

many studies have been dedicated to engineering the electronic band

importation and use of the technology.4 Furthermore, CdS buffer layer

structure at the heterojunction interface between n‐ZTO and p‐CIGS

is deposited by a nonvacuum chemical bath deposition process, and

or other p‐type absorbers.

the cells.
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Herein, the growth characteristics of ZTO thin films were investi-

glancing angle X‐ray diffraction (Smart‐Lab, Rigaku). Optical properties

gated by using atomic layer deposition (ALD). We observed a strong

including transmittance, absorbance, and band gap were ascertained

relationship between film composition and properties, including

by using a UV‐visible spectrometer (UV‐2550 UV‐visible spectrome-

growth rate, crystallinity, morphology, and optical band gap. Applying

ter, Shimadzu). The surface morphology of the deposited films was

the ZTO films as buffer layers for CIGS solar cells, it was found that

observed using field effect scanning electron microscope (FESEM,

the flexible tunability in band gap via composition control played an

Sigma HD, Carl Zeiss). I‐V characteristics of the CIGS solar cells with

important role in defining the conduction band offset (CBO) formed

ALD ZTO buffer layers were measured by using K201 LAB50 solar

at the ZTO/CIGS interface. Small amounts of Sn incorporation thus,

simulator (with a K401 CW150 lamp power supply) and sourcemeter

Sn/(Sn + Zn) atomic percentage between 9 and 16 at.%, yielded

(2440 5A, Keithley).

CBO < 0. 4 eV and resulted in efficient carrier transport.
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RESULTS AND DISCUSSION

EXPERIMENTAL
Figure 1A depicts the changes in growth rate and Sn/(Sn + Zn) atomic

The ZTO films were grown in a thermal ALD reactor (iPV d100, ISAC

ratio of ZTO films deposited at 120°C using varied Sn/(Sn + Zn)

Research), using diethyl zinc (DEZ) and bis(1‐dimethylamino‐2‐methyl‐

subcycle ratios. The saturated growth of ZnO from DEZ/H2O2 and

2propoxy)tin(II) (Sn(dmamp)2) as the cation sources and 50 wt.% H2O2

SnO2 from Sn(dmamp)2/H2O2 are presented in Figure S1. The growth

as the reactant. The films were deposited on p‐type Si, SiO2, and soda

rate of ternary ZTO rapidly declined as the Sn/(Sn + Zn) subcycle ratio

lime glass substrates over a temperature range of 100–200°C for

increased from ~0.14 nm/cycle for pure ZnO to ~0.038 nm/cycle for

ex‐situ characterization. Prior to the depositions, the Sn(dmamp)2

ZTO with Sn/(Sn + Zn) subcycle ratio of 0.4, after which it slightly

was heated to 60°C and supplied into the reaction chamber with the

increased to ~0.040 nm/cycle for Sn/(Sn + Zn) subcycle ratios above

aid of Ar carrier gas at a flow rate of 100 sccm, while DEZ was kept

0.5. From the Sn/(Sn + Zn) atomic ratio, it was found that the growth

at room temperature and supplied into the reaction chamber without

rate of the ZTO film drastically reduced to 50% that of pure ZnO with

a carrier gas. The ALD process conditions for the binary oxides (ZnO

only 10 at.% Sn incorporation. Furthermore, the growth rate of the

and SnO2) were optimized at 120°C. The optimized pulse sequence

ZTO films at all subcycle ratios was lower than expected considering

for ZnO and SnO2 ALD were 0.2 second (DEZ pulse)‐10 seconds (Ar

the rule of mixtures presented by the dashed line. This discrepancy

purge)‐0.1 second (H2O2 pulse)‐10 seconds (Ar purge) and 5 seconds

in the growth rate of ternary oxides in ALD was previously reported

(Sn(dmamp)2 pulse)‐5 seconds (Ar purge)‐2 seconds (H2O2 pulse)‐

by Heo et al.20 The significant decrease in the growth rate of ternary

10 seconds (Ar purge), respectively. Ternary ZTO films were deposited

oxides relative to their binary oxide constituents has been attributed

by repeating ALD supercycles comprised of n subcycles of ZnO ALD

to a number of reasons including reduced initial reactivity of one

and m subcycles of SnO2 ALD. Film thicknesses were measured by

precursor on the terminated surface of another precursor and/or

using a spectroscopic ellipsometer (Horiba Jobin Yvon UVISEL) with

reduction in surface reactive species such as hydroxyl groups,21 and

a xenon light source incident at 70°. Zn and Sn areal densities and

etching of one metal oxide by reactions that occur with the introduc-

atomic percentages were determined by X‐ray fluorescence (ARL

tion of a second precursor.22 Figure 1B showed the variations in the

QUANT'X, Thermo Fisher Scientific). X‐ray photoelectron spectrome-

Zn and Sn precursor chemisorption rates as a function of Sn/(Sn + Zn)

ter (XPS, K‐Alpha, Thermo Scientific) with a monochromatic Al Kα

subcycle ratio. The chemisorption rate of both precursors declined

X‐ray source was used to ascertain the chemical properties of the

with increasing Sn/(Sn + Zn) subcycle ratio, which explains the lower

ZTO films and investigate the valence band offset (VBO) at the

growth rate of the ternary ZTO film. Notably, the significantly

ZTO/CIGS interface. The crystallinity of films was investigated by

retarded growth of ZnO on SnO2 is the dominant factor responsible

FIGURE 1 A, Growth rate and Sn atomic ratio of ZTO films with increasing SnO2 subcycle ratio. B, The chemisorption rates of Zn and Sn
precursors during ZTO atomic layer deposition at different Sn/(Zn + Sn) subcycle ratios [Colour figure can be viewed at wileyonlinelibrary.com]
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for the low growth rate of the ternary oxide, particularly at low Sn

contaminants within the films implying that ligands were not only on

concentrations where the most dramatic decreases were observed.

the growing surface but also in the films. More details on the film

Also, considering that the chemisorption rate of Zn is much higher

impurities will be discussed below.

than that of Sn, we can expect that changes in the ZnO growth rate

Figure 2A‐C depicts the Zn 2p, Sn 3d, and O 1s XP spectra of ZTO

will strongly affect the growth rate of ZTO. A possible reason for

films with different Sn/(Sn + Zn) atomic percentages obtained after

the reduced growth (chemisorption) rate of ZnO on SnO2 is the slug-

surface etching. The etching was done by using Ar+ ion with a beam

gish reactivity of Sn(dmamp)2 with H2O2 at low deposition tempera-

energy of 2000 eV. All XP spectra were calibrated with the adventi-

tures. H2O and H2O2 reactant‐based ALD processes are well known

tious C 1s peak at 284.5 eV. Irrespective of Sn/(Sn + Zn) atomic

to exhibit a decreasing growth tendency with increasing temperature

percent, the detected Zn 2p3/

due to desorption of OH species from the reaction surface.23 Here,

sponding to Zn2+. Meanwhile, the Sn 3d5/

however, the growth rate of the SnO2 from Sn(dmamp)2/H2O2

486.15 eV, indicating an oxidation state of +4 and thus signifying

increased with growth temperature up to 200°C because of the

the formation of SnO2 and not SnO. Here, it should be noted that

enhanced reactivity at higher temperatures as shown in Figure S2.

the pristine oxidation state of the Sn cation in Sn(dmamp)2 is +2. This

The slow reaction kinetics at low temperatures suggests the possibility

clearly shows that the central Sn2+ ions in the Sn precursor are

of unreacted ligands after the SnO2 cycles, which reduce the available

oxidized during the ALD process owing to the strong oxidizing power

reactive sites for subsequent ZnO growth. A similar contention was

of H2O2. The result lines up well with an earlier report, which showed

made

for

ZTO

films

prepared

by

ALD

using

2

peaks centered at 1021.9 eV corre2

peaks were observed at

DEZ,

the formation of n‐type SnO2 when Sn(dmamp)2 was reacted with O3,

tetrakis(dimethylamino)tin, and H2O where dimethylamine ligands

which is also a strong oxidant.25 The chemical state of the binary SnOx

were still detected on the reaction surface even after extremely long

from the Sn(dmamp)2/H2O2 ALD was separately confirmed as being

H2O pulses (900 s).24 The report however argued that unremoved

Sn4+ as shown in Figure S3. We previously reported the growth of

ligands only exist on the immediate growing surface and therefore

p‐type SnO films by using Sn(dmamp)2/H2O in a ALD process; there-

are not incorporated in the films, as a consequence resulting in impu-

fore, H2O2 was chosen as reactant in this work, to ensure the forma-

rity free SnO2 films. In contrast, SnO2 films deposited using

tion of n‐type SnO2 and ZTO, while minimizing chances of absorber

Sn(dmamp)2 and H2O2 at low temperatures exhibited carbon

surface damage that can be encountered by using a stronger

FIGURE 2 XP spectra of (A) Zn 2p, (B) Sn 3d, and (C) O 1s in ZTO films with different Sn/(Sn + Zn) atomic ratios (D) C 1s XP spectra from ZTO
films before and after surface sputtering [Colour figure can be viewed at wileyonlinelibrary.com]
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reactant‐like O3 when the ZTO buffer is deposited on CIGS absorber

oxides.14,28-31 Figure S5A‐C shows the plan‐view SEM images of the

layers. Also, in the Sn 3d XP spectra, Zn LMM auger peaks were

ZTO films. All films were dense and free of pinholes. The ZTO film

observed at ~498.2 eV. The intensity of the Sn doublet peak increased

with low Sn atomic concentration of 9 at.% revealed clearly distinct

relative to the Zn LMM auger peak as the Sn atomic percent

elongated grains, confirming good crystallinity. On the other hand,

increased. The O 1s peak was deconvoluted into 2 peaks centered

ZTO films with high Sn concentrations of 24 and 34 at.% exhibited

at 530.2 and 531.8 eV. The peak centered at binding energy

smoother morphologies with less distinguishable grains. The relatively

530.2 eV was assigned to lattice oxide,26 while the peak centered at

rough film with low Sn concentration could make it a more effective

531.8 eV was assigned to hydroxides such as Zn‐OH and Sn‐OH

red light scatterer. Since red light has a low absorption coefficient,

27

and carbonates.

Figure 1D shows a comparison of the C 1s spectra

from the different ZTO films before and after surface sputtering. The

scattering by the buffer layer could increase the red light path length
through the absorber and improve absorption.

analysis revealed a noticeable existence of C within the ZTO films

To be used as a buffer layer in photovoltaic cells, the selected

even after sputtering. The C peak located ~288.4 eV, which corre-

buffer material should possess a wide band gap to minimize optical

sponds to carbonates, increased in intensity with Sn atomic concentra-

losses by allowing majority of the incident light to reach active mate-

tion. This implies a rather incomplete surface reaction and/or the

rial. Figure 4 shows the UV‐vis characteristics of ZTO films with differ-

formation of carbonates during the SnO2 ALD process. This reason-

ent Sn/(Sn + Zn) atomic percentages. The films exhibited over 80%

ably correlates with the C impurity concentration found in the pure

transmittance in the visible wavelength range, which is higher than

SnO2 film, which was as high as 6.3 at.% (Figure S4). X‐ray photoelec-

for CdS, which has an absorption edge at around 500 nm due to its

tron spectrometer quantitative analysis of the carbon contents in the

narrower band gap.30 Another attractive feature of the ternary ZTO

ZTO films revealed 1.1, 1.8, and 3.9 at.% of C impurities in 16 Sn

buffer is its band gap tunability. The band gap of ZTO films was readily

at.% ZTO, 24 Sn at.% ZTO, and 34 Sn at.% ZTO films, respectively.

controlled by varying the Sn/(Sn + Zn) subcycle ratio. The insert in

Thirty‐nanometer‐thick ZTO films deposited on Si substrates

Figure 4 shows the Sn/(Sn + Zn) atomic percent dependence of the

were characterized by glancing angle X‐ray diffraction to determine

ZTO band gap extracted from the absorption band edges. It reveals

the crystal structure. Figure 3 shows the diffraction patterns of ZTO

a strong parabolic relation known as the band gap bowing effect.

films with different Sn/(Sn + Zn) atomic percentages. Pure ZnO depos-

The band gap decreased from 3.2 to 3.05 eV and then blue shifted

ited at 120°C exhibited the typical polycrystalline wurtzite structure

again to 3.36 eV as the Sn/(Sn + Zn) atomic percent increased. A

with peaks at 31.9° (100), 34.4° (002), 36.4° (101), and 56.7° (110),

number of factors account for the band gap bowing phenomenon in

whereas pure SnO2 deposited at 120°C was amorphous exhibiting

ternary semiconductor alloys. However, for the ZTO system, a possi-

no characteristic peaks. In the ternary ZTO films, there was a gradual

ble explanation for this behavior could be the transition in crystal

evolution from a polycrystalline to nanocrystalline/amorphous phase

structure as observed in the XRD analysis or the introduction of local-

as the Sn/(Sn + Zn) atomic percent increased, implying a steady

ized energy states within the band gap by Sn incorporation,13 which

increase in lattice distortion with Sn incorporation. Above Sn/(Sn + Zn)

can effectively alter the band gap.

of 16 at.%, the 3 main ZnO peaks were replaced with a broad peak

The ZTO thin films were applied as buffer layers in CIGS solar

centered at 34°. This polycrystalline to amorphous/nanocrystalline

cells. The cell structure consisted of 1‐μm‐thick Mo thin films

transformation has been observed in a number of reports on ternary

FIGURE 3 Glancing angle X‐ray diffraction patterns of ZnO, ZTO,
and SnO2 films deposited at 120°C on Si substrates [Colour figure
can be viewed at wileyonlinelibrary.com]

FIGURE 4 Absorbance and transmittance spectra of ZTO films with
different Sn/(Sn + Zn) atomic percents. The inset depicts the band gap
bowling phenomena of ZTO depending on the Sn atomic percent
[Colour figure can be viewed at wileyonlinelibrary.com]
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deposited on soda lime glass by DC sputtering, on top of which

increment were fabricated. As shown in Figure S6, the cells exhibited

~2‐μm‐thick CIGS films were deposited by evaporation. About

very similar I‐V responses and efficiencies suggesting that within the

20‐nm‐thick ZTO films with varied Sn/(Sn + Zn) atomic percentages

tested range, the thickness did not significantly affect the cell

were deposited on the CIGS absorbers to form the p‐n heterojunction.

performance.

Fifty‐nanometer‐thick i‐ZnO and 400‐nm‐thick AZO films were

The valence and CBOs at the ZTO/CIGS interface were investi-

deposited by RF sputter as TCO, and 400‐nm‐thick Al was deposited

gated by XPS and UV‐vis spectroscopy. For the XPS analysis,

by thermal evaporation as the top electrode. No anti‐reflection

~20‐nm‐thick ZTO films with varied Sn/(Sn + Zn) atomic percents

coatings were applied to the cells. I‐V characteristics of the cells with

were deposited on ~2‐μm‐thick CIGS layers. The samples were

different buffer compositions were measured under AM 1.5G illumi-

sputtered with Ar+ ion with a low beam energy of 1000 eV for a short

nation. Figure 5 illustrates the illuminated I‐V behavior of cells with

etch‐time of 15 seconds. The high‐resolution valence band spectrum

ZnO, ZTO and CdS (reference) as buffer layers. For clarity, 2 plots

for each etch level was recorded for analysis. The valence band onset

have been indicated. Figure 5A shows the I‐V curves of cells with

values obtained by linear extrapolation of the valence band edges

ZTO buffers having Sn atomic percent ≤16 at.% as well as the refer-

were traced from the ZTO buffer side to the CIGS side as shown in

ence cell, while Figure 5B shows the I‐V curves of cells with ZTO

Figure 6A. The valence band onset of the ZTO films was observed

buffers having Sn atomic percent ≥16%. In Figure 5A, a continuous

around 2 eV, irrespective of cation composition. At the ZTO/CIGS

enhancement in Voc was observed with the introduction of SnO2 into

interface, the onset values continuously changed due to band bending

the pure ZnO buffer. ZnO is known to exhibit a negative CBO with

until in the CIGS region where it remained constant between 0.45 and

CIGS,32,33 which makes it prone to rapid interfacial carrier recombina-

0.48 eV, which correlate well with the value obtained by using ultravi-

tion and generates low Voc. The increase in Voc with the incorporation

olet photoelectron spectroscopy.10 The VBO at the ZTO/CIGS

of SnO2 denotes a progressive modification of the band alignment

heterojunction interface was then determined by using the formula

from a cliff to a spike type CBO. This proposition was validated by

used in the work by Sun et al.34

XPS and UV‐vis spectroscopy and is discussed in the subsequent part
of the report. The Voc peaked at Sn atomic percent between 9% and

CIGS
VBO ¼ EZTO
VB −E VB þ V BB:

16%. The best cell efficiency of 13.9% was obtained with ZTO buffer
layer containing 9 Sn at.%, which is comparable to the 14.4% achieved
by the CdS reference cell. In contrast to the well‐behaved I‐V curves


 

2p
Cu 2p
Zn 2p
Zn 2p
V BB ¼ ECu
bulk −E interface þ Einterface −E bulk

observed at low Sn compositions, distorted (S‐shaped) curves were
obtained for ZTO buffers with Sn atomic concentration >16%. The

CIGS
where ‘EZTO
are the valence band onsets of ZTO and
VB ’ and EVB

kink in the curves is indicative of a high‐energy barrier height at the

CIGS, respectively, and “VBB” is the estimated band bending at the

CIGS/ZTO interface, which impedes carrier transport and degrades

heterojunction interface. The VBB was determined by comparing the

the fill factor as well as the efficiency of the cells.

shifts in the photoelectron peaks of selected elements in ZTO and

The thickness of the buffer layer is also an important factor to

CIGS, at the heterojunction interface and in the bulk of the ZTO and

consider in the cell design. Very thin films can create shunting paths

CIGS films. Zn 2p photoelectron peak was monitored for the ZTO

due to complete coverage of the absorber surface, whereas films too

buffer, while Cu 2p photoelectron peak was monitored for the CIGS

thick can generate optical losses and introduce additional series resis-

absorber. However, because Cu vacancies usually exist at the surface

tances, which affect the FF of the cell. To investigate the effect of the

of the CIGS films, In 3d photoelectron peak was used to confirm any

buffer layer thickness on the cell performance, as well as the minimum

observed shifts. The Zn 2p peaks shifted by ~0.1–0.2 eV to lower

thickness required to completely cover the CIGS absorber, ZTO film

binding energies at the heterojunction interface relative to the bulk

for 16 Sn at.% with varied thickness from 10 to 25 nm with a 5 nm

for the different ZTO buffers. However, no such shifts were observed

FIGURE 5 Illuminated I‐V curves of (A) ZTO films with Sn atomic percent ≤16 at.% and (B) Sn atomic percent ≥24 at.% as well as CdS reference
cell [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 6 A, Trace of the valence band onset of ZTO/CIGS stacks with increasing X‐ray photoelectron spectrometer etch level. Schematic band
structure at the ZTO/CIGS interface for the different buffer layer compositions of (B) 9 Sn at.%, (C) 16 Sn at.%, (D) 24 Sn at.%, and (E) 34 Sn at.%
[Colour figure can be viewed at wileyonlinelibrary.com]

for Cu 2p or In 3d peaks of the CIGS films. This could probably
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C O N CL U S I O N

Zinc tin oxideternary oxide films were grown by ALD by using DEZ
and Sn(dmamp)2 as metal organic precursors and 50 wt.% H2O2 as
reactant. The growth dynamics for various ZnO:SnO2 subcycles ratios
was studied by using ellipsometry and X‐ray fluorescence spectroscopy. A significant decrease in the growth rate of the ternary ZTO
was observed relative to ZnO and was attributed mainly to the
reduced chemisorption/growth rate of ZnO on SnO2 surface. The
ZTO film composition was found to strongly influence film properties
including electrical resistivity, lattice arrangement, morphology, and
optical band gap. Flexible modulation of the optical band gap of ZTO
films via composition control allowed their use as n‐type buffer layers
in CIGS solar cells. The incorporation of Sn significantly improved Voc
by modifying the interface band alignment and alleviating interfacial
recombination. The best power conversion efficiency of 13.9% was
obtained by using ZTO films with Sn atomic concentration ~9 at.%,
which was comparable to the 14.4% achieved by the CdS buffer.
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