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ABSTRACT: Cu,Zn(Sn;_,Ge,)S, nanocrystals have been synthesized via batch reaction in
oleylamine with no additional surfactants present. The nanocrystals are knife-coated on "¢ &
molybdenum substrates and then selenized to form a dense layer of Cu,Zn(Sn;_,Ge,)- 5. "
(S,Se),, which is then used as the photoabsorbing layer in a thin film solar cell. The band gaps
of the nanocrystals and the resulting solar cells are demonstrated to be controlled by adjusting ~ 25nm
the Ge/(Ge+Sn) ratio of the nanocrystal synthesis precursors. Solar cells fabricated from
Cu,ZnGeS, nanocrystal films yielded a power conversion efliciency of 0.51%. However, Cu,Zn
(Sn,Ge;_,.)S4 nanocrystals with a Ge/(Ge+Sn) ratio 0.7 yielded devices with an efficiency of
6.8% when synthesized to be Cu-poor and Zn-rich. This result opens the possibility of forming
Ge gradients to direct minority carriers away from high recombination interfaces and significantly

improve the device efficiency of CZT SSe-based solar cells.
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Earth abundant materials are a requirement for solar cells to
contribute power on the multiterawatt scale." Cu,ZnSn-
(S,Se), is of particular interest due to the achievement of 9.6%
efficient laboratory scale devices” using a nonvacuum, hydrazine-
based deposition process. Although hydrazine poses safety
challenges from a manufacturing perspective, an alternative
nonvacuum deposition approach has achieved 7.2% efficiency
via the selenization of Cu,ZnSnS, (CZTS) nanocrystals depos-
ited by roll coating.> The resulting Cu,ZnSn(S,Se), (CZTSSe)
film has a band gap of approximately 1.1 eV, similar to CulnSe,.
CulnSe, device performance is improved by incorporation
of Ga,*® which widens the band gap. We hypothesized that
similar bandgap tuning and improvements to CZTS devices
may be possible by substituting a lower atomic number group IV
element for some of the Sn. Substitution with germanium is an
attractive route, as germanium’s crustal abudance of 1.5 mg/ kg7
(or 1.6 mg/kg®) compares favorably with the 2.3 mg/kg
crustal abundance of Sn, the rarest element in CZTS.” Here we
report a synthesis of Cu,Zn(Sn; _,Ge,)S4 (CZTGS) nanocryst-
als and the performance of Cu,Zn(Sn;_,Ge,)(S,Se;_,)s
(CZTGSSe) solar cells fabricated by sintering the nanocrystal
films with elemental selenium vapor. We find that the band
gap of the CZTGS nanocrystals and the CZTGSSe solar cell
can be rationally controlled by adjusting the Ge/(Sn+Ge)
ratio.

There have been previous reports of band gap control in
(ZnS)(Cu,SnS3), nanocrystals.g’10 However, such structures
do not preserve the kesterite cation ordering observed in CZTS
(or CZTGS) which appears to be critical to obtain good
photovoltaic performance. CZTS nanocrystal syntheses pre-
viously reported'' " involve the combination of metal salt
precursors and sulfur in the presence of oleylamine, and the
CZTGS synthesis procedure reported here is similar.'* The
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previous CZTS syntheses involved sulfur addition anywhere
between room temperature and 300 °C. In contrast, we find
the temperature at which sulfur is added plays a critical role in
achieving the desired crystal structure and stoichiometry.'*'
Powder X-ray Diffraction (PXRD, Figure 1) shows the
prominent peaks observed in the synthesized nanocrystals
correspond with those of tetragonal CZTS (JCPDS no.
26—0575) and CZGS (JCPDS no. 25—0327). CZTS has been
reported to have two related tetragonal crystal stuctures, known
as stannite (I42m) and kesterite (I4)."” It is interesting to note
that the stannite phase has the same symmetry as a specific
disordering of the kesterite phase; the I42m symmetry is the
result of a relatively low-energy Cu—Zn cation exchange occur-
ring randomly in the kesterite phase.'® Although the similarity in
atomic numbers between Cu, Zn and Ge contribute to the
difﬁcultlz in distinguishing between stannite and kesterite using
PXRD,"® peak broadening' "' further obscures proper identifi-
cation. The tetragonal CZGS structure found in experimental
studies has been typically assigned to the stannite phase,"*° but
the values of c/a < 2 indicate the kesterite phase (possibly with
cation disorder) may be a more accurate description.'® The most
intense peaks shared by the kesterite and stannite phases agree
well with the most intense peaks observed in Figure 1, indicating
the nanocrystals have a tetragonal crystal structure. A shoulder
observed to the left of the (112) peak could be caused by a Cu,S
impurity phase,”" stacking faults related to cation disordering
similar to the faulting in CulnSe,,** or an orthorhombic CZGS
impurity phase.”> >> CZTGS nanocrystals were synthesized by
replacing GeCl, in the CZGS synthesis with an equivalent molar
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Figure 1. PXRD of Cu,Zn(Sn,_,Ge,)S, nanocrystals for x = 0 (red),
0.5 (green), and 1.0 (blue). Also included for comparison are the simulated
PXRD patterns for the kesterite structures of CZTS and CZGS.

Figure 2. TEM images of (a) CZTS, (b) CZTGS, and (c) CZGS.
(d) HR-TEM of CZGS nanocrystals.

amount of Sn(acac),Cl,.*® The expected (112) peak shift due to
Sn incorporation (increasing the lattice constants) is observed by
PXRD and shown in the inset of Figure 1.

The TEM images in Figure 2 reveal that the CZTGS nano-
crystals vary in size from 5 to 30 nm, with the relative number of
smaller sized particles increasing with increasing Ge content. The
composition of the synthesized CZTGS nanocrystals as deter-
mined by energy-dispersive X-ray spectroscopy (EDS) is shown
in Figure 3, with the observed elemental ratios normalized to
equal 1.0 for stoichiometric CZTGS. The molecular formulas
were determined to be Cu,yZng9,Sn 115437, CuyZngo7(Snggo-
Geo.31)1.1254.73; CuZan.OZ(Sn0.41GeO.59)1.1084.68; and CuyZn go-
Ge0354.50 for nanocrystals synthesized with Ge/(Sn+Ge) pre-
cursor ratios of 0.0, 0.3, 0.5, and 1.0, respectively. The cation
ratios of the nanocrystals are close to the expected stoichiometry,
but there is an apparent excess of sulfur. This could be due to
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Figure 3. Various atomic ratios determined by energy-dispersive spec-
troscopy (EDS) showing the nanocrystals are close to stoichiometric.
See text for molecular formulas.
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Figure 4. UV—vis data depicting the increasing onset of absorption
with increasing Ge content in CZTS (red), CZTGS (green), and CZGS
(blue).

matrix effects of the nanocrystal film, the lower EDS accuracy for
lighter elements (i.e., sulfur) or organosulfur compounds formed
during nanocrystal synthesis.

Figure 4 depicts UV—vis data for CZTGS nanocrystals with
Ge/(Sn+Ge) ratios of 0.0, 0.5, and 1.0. The absorption is not
expected to be influenced by quantum confinement effects, as the
majority of the nanocrystals (with average diameters of 15.4,
13.3, and 8.6 nm (N = 35) for CZTS, CZTGS and CZGS,
respectively) are much larger than the Bohr exciton radius of bulk
CZTS, estimated to be 2.6 nm using the values reported by
Persson.”” The band gap is observed to increase with increasing
Ge content of the synthesis precursors. The expected band gap
for CZTS is ~1.5 eV, whereas the band gap for CZGS has been
reported to be 2.05—2.25 eV.*** Linear extrapolation of the
nanocrystal light absorption versus the photon energy is typically
used to determine the effective band gap. As shown in Figure 4, if
the CZTS data are extrapolated to yield a bandgap of 1.5 eV, then
the CZGS nanocrystals would have a band gap of 1.94 eV. Note
that this band gap is slightly lower than those previously reported
for bulk CZGS and may be due to the inherent error in the
extrapolation. However, this value is distinctly different from the
band gaps of Cu,GeS; (0.5 eV*°), ZnS (>3.4 eV), or GeS,
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Figure 5. Current—voltage behavior of champion CZGSSe solar cell in
dark and under simulated AM1.5G. Inset: EQE.

(3.4 €V?"), and is consistent with Ge being incorporated into the
CZTS crystal structure.

To determine the suitability of the nanocrystals for solar cells,
we fabricated CZGS nanocrystal films into devices using meth-
ods explained in detail elsewhere.**>** Briefly, the nanocrystals
were thoroughly washed, and a paste of the nanocrystal ink was
formed by adding hexanethiol to the dried nanocrystals to yield a
formulation with ~200 mg of nanocrystals per mL of solution.
The paste was then coated onto a Mo-coated soda-lime glass
(SLG) substrate with a doctor-blading technique before being
annealed under Se atmosphere at 500 °C for 20 min. After
annealing, standard device fabrication steps were employed to
obtain devices with a SLG/Mo/CZGSSe/CdS/i-ZnO/ITO/
Ni—Al architecture and an area of 0.47 cm®. The current—
voltage behavior (Figure 5) under AM1.5G simulated illumina-
tion revealed a total area efliciency of 0.51%. The External
Quantum Efficiency (EQE, Figure S inset) is observed to reach
0% at 950 nm, indicating the band gap is at most no larger than
1.3 eV. This agrees well with one reported CZGSe band gap of
1.29 eV,* but is lower than another report of 1.52 eV.** Model-
ing of CZGSe'® reveals the band gap can vary from 1.21—
1.50 eV, with lower band gaps being indicative of lower quality
(higher disorder). This also indicates that comparisons of band
gaps in the CZT GSSe material system should be made between
devices with similar minority carrier lifetimes and mobilities
(or at minimum similar quantum efficiency curves, EQE(A)).
Additionally, a relative loss of Ge was observed during annealing
under Se atmosphere.*® Another reason for the low efficiency is
the use of relatively stoichiometric nanocrystals (stoichiometric
cation ratios). Typical high efficiency devices in this material class
are Cu-poor and Zn-rich,»**” and our previous work with CZTS
nanocrystals has shown that composition control can lead to
significant improvements in device performance.”'"

We find that this is also the case in the CZTGS system. Although
composition is still being optimized for devices, significant
improvements can be obtained with high-Ge content CZTGS
nanocrystals synthesized using an alternate procedure found to
result in a similar Cu-poor and Zn-rich composition.'** CZTGS
nanocrystals synthesized with Ge/(Ge+Sn), Cu/(Zn+Sn+Ge)
and Zn/(Sn+Ge) ratios of 0.70, 0.80, and 1.20, respectively,
were fabricated into solar cells using the same methods described
above. Champion total area device efficiency was found to be
6.8%, with the current—voltage behavior depicted in Figure 6.
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Figure 6. Current—voltage behavior of champion CZTGSSe solar cell
under AM1.5G simulated illumination usin% a Ge/(Ge+Sn) ratio of
0.70. Inset: comparison of EQE for CZTSSe” and CZTGSSe devices.

Band gaps determined from the EQE®’ (Figure 6 inset) of the
CZTGSSe device and a similarly made CZTSSe device® are 1.40
and 1.11 eV, respectively. Note that the same technique to
determine band gap cannot be applied to the EQE of the CZGSSe
device since the decay in the EQE is most likely dominated by
low minority carrier lifetime and mobilities, not the functional
form of the absorption coefficient. The S/(S+Se) ratio in the
devices were similar and were determined to be 0.54, 0.54, and
0.50 for the CZTSSe, CZTGSSe and CZGSSe devices, respec-
tively (note that this analysis overestimates S content due to the
presence of the CdS layer and the overlap of the S Kot and Mo Lo
X-ray emission peaks). As a result, variation in band gap is not
attributed to selenium content. The data presented here demon-
strate Ge incorporation can be used for band gap control of both
CZTGS nanocrystals and the resulting solar cells, while retaining
promising device efliciency.

In summary, semiconductor nanocrystals were synthesized
using Cu, Zn, Sn and Ge salts and were concluded to span
the CZTGS tetragonal system based on PXRD, TEM, EDS,
and UV —vis absorption. Tin-free CZGS nanocrystals fabricated
into devices using a low cost roll coating approach had an
efficiency of 0.51%. Device efficiency was improved to 6.8% using
Ge/(Ge+Sn) = 0.70 CZTGS nanocrystals with Cu-poor and
Zn-rich stoichiometry synthesized by an alternate method. This
important result establishes the prospect of significant device
efficiency improvements by adjusting or layering the Ge content
(similar to Ga gradients in CIGSe).

Il ASSOCIATED CONTENT
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