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Spectroscopic evidence for a surface layer in CulnSe,: Cu deficiency
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The near-surface region of thin-film polycrystalline (PX) Culn,_,Ga,Se, (CIGS) is considered
important because it is the region where the electrical junction forms in a CIGS photovoltaic device.
Spectroscopic ellipsometry measurements of polycrystalline CulnSe, films reveal that there is a thin
layer at the surface which has different optical and electronic properties from those of the bulk film.
This surface layer of thin-film CIGS has a larger band gap and greater spin-orbit interaction energy
than the bulk film. These properties indicate that the surface layer is more Cu deficient than the bulk
in the nearly stoichiometric thin-film PX-CIGS used in photovoltaic devices. This work provides an
insight into the importance of surface layer engineering for photovoltaic device design. © 2007
American Institute of Physics. [DOI: 10.1063/1.2755718]

Single-wavelength ellipsometry has historically been
used for measuring the thickness of a film. Spectroscopic
ellipsometry has been used for determining both film thick-
ness and the optical properties of materials. Historically, re-
searchers faced a problem in accounting for surface rough-
ness in analysis of ellipsometric data. Aspnes and Theeten
modeled the dielectric effects of microscopic roughness at
the surface using an effective medium approximation
(EMA)." Their approach mathematically models the dielec-
tric effect of surface roughness by introducing a thin surface
layer composed of a 50%-50% EMA mixture of the optical
properties of the underlying bulk material with the optical
properties of void. This technique has become a recognized
standard for obtaining accurate optical properties of the bulk
material in spite of the difficulties associated with nonideal
surfaces. In this study, we take the technique of Aspnes and
Theeten one step further by allowing the optical properties of
the nonvoid component of the surface layer EMA to vary
independent of the underlying bulk optical constants. The
validity of our technique is verified by the factor of 2 im-
provement in the quality of fit to the ellipsometry data. This
enables a method for investigating the optical properties and
electronic structure of the surface layer.

Thin-film chalcopyrite polycrystalline (PX)
Culn,_,Ga,Se, (CIGS) is used as the absorber layer for high
efficiency photovoltaic solar cells. The efficiency of labora-
tory thin-film PX-CIGS solar cells has surpassed 19%.% The
total area conversion efficiency for ZnO/CdS/CulnSe, (CIS)
solar cell has been up to 14.5%.° High efficiency solar cells
always use slightly Cu-poor (23.5-24.5 at. % Cu) PX
Culng 7,Gag ,5Se,. The surface layer of CIS/CIGS is consid-
ered important because it is the region where the electrical
junction forms in photovoltaic devices and it plays a crucial
role in the device performance.4 There have been studies on
junction formation between PX-CdS and CIS/CIGS thin
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films, as is the standard in CIS/CIGS photovoltaic devices.”
Schmid et al.® suggested a model for the formation of a
chalcopyrite/ordered vacancy compound p-n heterojunction
in PX-CIS. Jiang et al.” measured the built-in electrical po-
tential of CIGS using scanning Kelvin probe microscopy.
They suggested that the p-n junction is a buried homojuction
located in the CIGS film, 30—80 nm from the CIGS/CdS
interface.

There have been numerous studies on the properties of
the surface of CIS/CIGS materials. Yan ef al.® found that the
surface region and the bulk of CIGS are structurally similar,
with no ordered defect chalcopyrite structure observed, but
the chemical composition of the surface is slightly different
than the composition of the bulk. Romero et al’ reported
that the surface of thin CIGS films has wider band gap than
the bulk. An angle resolved x-ray photoelectron spectroscopy
study on epitaxial thin CIS films showed that a severe Cu
depletion exists on the top of one to two layers.10 Energy
dispersive x-ray spectroscopy and x-ray photoelectron spec-
troscopy studies on thin-film PX-CIS showed that CIS layers
have a Cu-deficient surface composition.’ Grazing incidence
x-ray diffraction analysis by Kotschau and Schock'' showed
that there exists a Cu-depleted surface layer in thin CIS
films, which is expected to be due to the reconstruction of
the surface of slightly Cu-deficient CIS film. Another grazing
incidence x-ray diffraction analysis by Hasoon et al."? re-
vealed a small shift toward higher angles as the angle of
incidence decreases for the (220/204) peaks, which can be
an evidence for a Cu-depleted surface.

The spectroscopic ellipsometer used in this study is a J.
A. Woollam M2000 variable angle spectroscopic ellipsom-
eter that adopts a rotating compensator design. For this study,
we used angles of incidence at ¢,=65°, 70°, 75°, and 80° to
ensure an accurate determination of the parameters used in
the model. We prepared slightly Cu-poor thin-film PX-CIS
(21.6 at. % Cu) (Ref. 13) to compare the optical properties
and electronic structure of a bulk layer in this film with those
of a surface layer in nearly stoichiometric thin-film (a-phase)
PX-CIS (24.1 at. % Cu). Our results will apply equally well
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FIG. 1. (Color online) (a) Fit results of ¥ and A in 0.7-5.0 eV. Experimen-
tal ¥ and A are depicted as thinner color solid and dashed lines. From the
top in the spectral region of 4-5 eV, they are W(80°), W(75°), W(70°),
W(65°), A(65°), A(70°), A(75°), and A(80°). Calculated ¥ and A are
depicted as thicker gray lines. (b) Difference in W between the data and the
fit with and without an independent surface layer dielectric function at the
incidence angle of 75° in 0.7-5.0 eV.

to CIGS since the replacement of In with Ga is an isoelec-
tronic substitution that does not significantly alter the effects
of Cu deficiency in terms of electronic structure. The thin
CIS film layer is deposited onto molybdenum-coated soda-
lime glass. A schematic diagram of the mathematical model
used in data analysis can be found elsewhere.'>'* Samples
are prepared with the same structure used in an acutal PX
photovoltaic device with the exception of the lack of the CdS
window layer and the ZnO conducting transparent oxide.
Thicknesses of the molybdenum and CIS films are approxi-
mately 1.0 and 1.3 um, respectively. These films are grown
by a single-stage coevaporation technique that provides ho-
mogeneous films except for the Cu-poor surface region,
which exists for the 60 nm from the top of the film surface.
This thickness has been determined from Auger electron
spectroscopy depth profiling. In this deposition technique,
the fluxes of the copper, indium, and selenium were kept
constant during deposition.

Figure 1(a) shows the fit results of ¥ and A at the inci-
dence angles of ¢,=65°, 70°, 75°, and 80° in the spectral
region of 0.7-5.0 eV for nearly stoichiometric thin-film PX-
CIS. We find that the value of mean squared error'”” in the
spectral range of 0.7-5.0 eV is improved from 8.3 to 3.6 by
replacing the standard surface layer (depending on a under-
lying bulk layer optical constant) with a surface layer inde-
pendent of the bulk optical constants.'® Figure 1(b) shows
the difference between the calculated fit and the experimental
data in the W spectrum at ¢,=75°. The fit is significantly
improved in the fundamental band gap region, as shown in
Fig. 1(b), with a guidance box when an independent surface
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FIG. 2. (a) Optical constants n and k of a bulk layer, a surface layer, and a
Cu-poor CIS with 21.6 at. % Cu. (b) Extinction coefficient k& of a surface
layer with its upper and lower bounds.

layer is used in the surface layer compared with the previous
work,'® where we used effective medium approximation with
the underlying CIS layer with void. Standard deviation is
also decreased from 0.13 to 0.09. Without an independent
surface layer, the fit was satisfactory; however, with that, the
difference between calculated fits and experimental data is
reduced to even within a resolution in ¥ (~0.1°) in a fun-
damental band gap region. Light starts to be absorbed from
the band gap (~1 eV) and due to transparency caused by
low absorption below the band gap, ellipsometric parameters
W and A stay oscillatory with decreasing amplitude until
there is no more back reflection in the sample.

Figure 2(a) compares three optical functions. The thick
and thin solid lines represent the optical functions of the bulk
layer and surface layers in the nearly stoichiometric thin-film
PX-CIS, respectively, and the dashed line represents the bulk
layer in the slightly Cu-poor thin-film PX-CIS.'® Figure 2(b)
presents the extinction coefficient (solid line) with upper
(dashed line) and lower (dotted line) bounds for the purpose
of indicating the uncertainty in the amplitude of k. We deter-
mined the lower and upper bounds of k by calculating the
model dielectric function of the surface layer by inserting the
lower and upper values of the amplitude of each oscillator
function. It is crucial to have an accurate determination of
the amplitude of the extinction coefficient in the 1-3 eV
range since this spectral range is particularly suggestive of
the degree of Cu deficiency in CIS due to reduced p-d repul-
sion caused by the removal of Cu 3d hole density of state at
the valence band maximum.'*'®!” This weakens the optical
transition Ey(A,B,C) along I' line in k spau:e.14 A more thor-
ough description of the optical transition in 1-5 eV is dis-
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TABLE 1. Critical points analyzed by the model dielectric function method.

Critical points Bulk layer Surface layer Cu-poor CIS*
E, (A,B) 1.026 1.052 1.080
E, (O) 1.220 1.250 1.290
A 0.194 0.198 0.210

21.6 at. % Cu.

cussed in detail elsewhere.'*'® Based on the fact that the
uncertainties start to be substantial above E~3 eV, they are
expected to be caused by the polycrystallinity in PX-CIS
since the grain size is comparable to the wavelength of the
light source in 3-5 ev.!

There is a similarity between the optical functions of the
surface layer of nearly stoichiometric thin-film PX-CIS and
the bulk layer of slightly Cu-poor thin-film PX-CIS. In par-
ticular, both materials exhibit a reduction in the extinction
coefficient k in 1-3 eV relative to that for nearly stochio-
metric PX-CIGS. This has been shown to be a clear indicator
of Cu deﬁciency.16 Depression of the extinction coefficient k
of Cu-poor PX-CIGS is observed in the 1-3 eV spectral
range due to a reduction in repulsive interaction between Cu
3d and Se 4p states caused by Cu deficiency at the valence
band max1mum which is consistent with our previous
work'® and the theoretical calculations by Persson and
Zunger ” This implies that Cu is more deficient at surface
region than in the bulk region of thin CIS films.

The optical properties of the surface layer for the nearly
stoichiometric thin-film PX-CIS in Fig. 2(a) suggest that the
reduction in the extinction coefficient is greater than ex-
pected in the 1.0—1.5 eV range compared with the reduction
in the extinction coefficient for slightly Cu-poor thin-film
PX-CIS since lower extinction coefficient k is observed for
the surface layer of the CIS with 24.1 at. % Cu than for the
bulk layer of the CIS with 21.6 at. % Cu. That is, Cu defi-
ciency is greater at the surface layer of nearly stoichiometric
thin-film PX-CIS than at the bulk layer of Cu-poor thin-film
PX-CIS, contrary to the trend in 1.5-3.0 eV. This is also
confirmed by the critical point energy analysis,m '8 as shown
in Table 1. The band gap E,, determined by the smallest
critical point energy Ey(A,B), and spin-orbit interaction en-
ergy Ay, (FEo(C)—Ey(A,B) (Ref. 16)) of the surface layer
are greater than that of the bulk layer but less than that of
Cu-poor CIS (see Table I). The analysis method of the criti-
cal points and the definition of E, transition can be found
elsewhere.'*'*

The increase of the band gap for Cu-poor CIS can be
explained in terms of electronic structure near the valence
band maximum. Less p-d repulsion in slightly Cu-poor thin-
film PX-CIS than in nearly stoichiometric thin-film PX-CIS
results in a lowering of the valence band maximum. Hence
the increase of the band gap is expected from nearly stoichio-
metric thin-film PX-CIS to slightly Cu-poor thin-film
PX-CIS.'® The increase of spin-orbit interaction is found,
which is also an indication of Cu deficiency at a surface
layer. The spin-orbit splitting (A,,) of the uppermost valence
band observed in the ternary compounds is composed of two
atomic components A, and A, in such a way that the nega-
tive atomic A, of the Cu 3d levels partially cancels out the
positive atomic A, of Se 4p levels. The amount of hybrid-
ization can be expressed quantitatively by
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Ap=al,+(1-a)A,, (1)

where A, is the spin-orbit splitting observed in the p-like
binary analogue, A, is that observed in Cu d levels, and « is
the fractional p-like character of the uppermost valence
bands. So in the case of stoichiometric CIS," a=- but for
Cu-poor CIS, 19 a> . Thus the value of Ay, increases when
Cu gets more deﬁc1ent From larger values of band gap and
spin-orbit interaction energy at the surface layer, we can con-
clude that the at. % of Cu of the surface layer is less than
24.1 at. %.

In summary, we provide spectroscopic evidence for Cu
deficiency in the surface layer of the nearly stoichiometric
thin-film PX-CIS. The reduction in absorption in the spectral
region of 1-3 eV and the increase in the band gap at the
surface layer are found for nearly stoichiometric thin-film
PX-CIS. We find that the surface layer is more Cu deficient
than a bulk layer in the nearly stoichiometric thin-film PX-
CIS. This work presents the possibility of probing the optical
and electronic properties of a surface layer in the thin-film
polycrystalline semiconductors by adopting a material layer
with voids using effective medium. This work is also of sig-
nificance in engineering of the solid-state electronic and op-
toelectronic device design near the junction interface.
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