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Abstract — Spectroscopic ellipsometry (SE) was performed on
CulnSe, (CIS) thin films and solar cells with a goal toward
optimizing this low bandgap absorber for tandem applications.
The CIS thin films and the absorbers in devices were deposited
by one-stage thermal co-evaporation on silicon and on Mo-coated
soda-lime glass substrates in a deposition system that has yielded
Culn;_Ga,Se, (CIGS) cells with > 17% efficiency using standard
thickness (2.0 pm) x = 0.3 absorbers and > 13% using 0.7 pm
low-Ga absorbers. In this study, a mapping capability for CIS
Cu stoichiometry y = [Cu]/[In] over the film area was established
based on a y-dependent parametric dielectric function (g, &)
with bandgap critical point E, decreasing linearly from 1.030 eV
for y = 0.7 to 1.016 eV for y = 1.1. In addition, a full set of (g, &,)
spectra measured for the CIS cell components enables analysis of
SE data in terms of an accurate structural model for the device.
With this model, spectra in the external quantum efficiency can
be predicted, and deviations from this prediction can be
attributed to incomplete collection of photogenerated electrons
and holes as simulated with a carrier collection profile.

Index terms — ellipsometry, photovoltaic cells, semiconductor
films, semiconductor device modeling

I. INTRODUCTION

CulnSe, (CIS) and related materials have been studied
intensively for applications as the absorber layers of solar cells
[1-8]. These materials have favorable electronic and optical
properties including a direct bandgap, strong absorption, and
controllable p-type conductivity. The first such solar cells
were fabricated by evaporation of n-type CdS onto p-type CIS
bulk crystals, reported by Shay et al. in 1974 [6]. For the first
fully thin-film CulnSe,/CdS devices, absorbers were deposited
by CIS and Se co-evaporation and led to a ~ 6-7% efficiency,
reported by Kazmerski ez al. in 1976 [7]. Attention was drawn
to cells from CIS and related materials upon demonstration of
a 9.4% device by Mickelsen ez al. in 1981 [8].

Because of its controllable p-type conductivity by varying
copper stoichiometry, its adjustable bandgap by alloying with
gallium, and its high stability, the CIS-based system is one of
the two most widely commercialized absorber technologies
for thin film solar cells. Currently, devices fabricated using
thin film CIGS as an absorber layer with [Ga]/{[In]+[Ga]} ~
0.3 and a bandgap near 1.2 eV exhibit a laboratory-scale
record efficiency of 22.6% [9]. Most high efficiency CIS-
based solar cells have been prepared using window layers of
CdS, which leads to a reduction in the achievable current due
to absorption at photon energies above the CdS bandgap.

Because CIS is among the narrowest bandgap thin film
absorber materials (~1.0 eV) that have led to efficient solar
cells, this absorber is a suitable candidate for the bottom cell
of tandem devices. In fact, the CdS window layers widely
used for efficient CIS devices do not have a negative impact
on bottom cell performance because photons of energy above
the window layer bandgap are absorbed by the top cell. More
recently, significant progress has been made in the
performance of devices with either CIS or CIGS as the bottom
cell in tandem structures [10]. Performance modeling of
monolithic CIS/perovskite tandems indicates that efficiencies
> 30% are possible [11]. An efficiency of 10.9% has been
reported for such a CIGS/perovskite tandem device [12].

For large area CIS or CIGS modules, the absorber layer
properties are likely to depend on the spatial position within
the plane of the module. These variations are expected due to
process non-uniformity over large areas. Although detrimental
in manufacturing, non-uniformity in the research laboratory
provides opportunities for cell optimization in terms of basic
properties. Using spectroscopic ellipsometry (SE) mapping
and correlating the resulting material properties with the cell
performance, location by location, a clearer understanding of
the specific properties that optimize solar cells can be obtained
[13]. SE-deduced maps describing the complete solar cell
structure also enable calculation of maps in the local current
density generated by the device assuming all electrons and
holes generated within the active device layers are collected.

II. EXPERIMENTAL DETAILS

The complex dielectric function spectra, € = g + ig;, of
CIGS depend on the alloy composition x = [Ga]/{[In] + [Ga]}
and stoichiometry y = [Cu]/{[In] + [Ga]} and can be used as a
metric for compositional analysis. Previously, a parametric
analysis of € versus gallium content x in CIGS with fixed
copper content y = 0.90 + 0.03 has been reported that enables
compositional profile mapping [13]. In the present article,
mapping y for CIS (x = 0) will be reported with the potential
for large area analysis. In the studies by SE mapping, a single
CIS thin film with an intended thickness of ~ 60 nm was
deposited on a 10 cm x 10 cm c-Si substrate using one-stage
thermal co-evaporation in a high vacuum chamber with a base
pressure of 2 x 10 Torr. The vapor flux rates of the
individual elements were held constant using fixed source



temperatures. The substrate temperature was set at 7, = 570
°C, and the substrate was placed to ensure a wide variation in
y of 0.6 <y < 1.2 over the film area due to the different source
locations within the chamber. In studies by SE at a single
location for structural and external quantum efficiency (EQE)
analysis, the solar cells were obtained by depositing one-stage
CIS to a thickness of ~ 1.25 pm on Mo-coated soda-lime glass
(SLG). The Mo was sputter-deposited on the SLG at 7, =
250°C [14]. The solar cell was completed with layers of CdS
deposited by chemical bath deposition (CBD), intrinsic ZnO
and Sn-doped In,O; (ITO) both prepared by sputtering, and
silver top grids prepared by evaporation, the vapor depositions
being done at room temperature. The lower absorber thickness
relative to a 2 pm standard led to lower efficiencies, up to 7%.

The sample on the c-Si was characterized over its 10 cm x
10 cm area at 625 locations using a mapping SE system which
employs a rotating-compensator multichannel ellipsometer (J.
A. Woollam Co., M-2000 DI). The sample was then cut into
pieces for analysis by electron microscopy with the
capabilities of energy dispersive X-ray spectroscopy (EDS;
Hitachi S-4800). Eight sample pieces for measurement were
selected from locations that ensure a wide range of y. A
representative complete solar cell was also measured by SE at
70° angle of incidence. The deduced structural model enabled
EQE simulation for comparison with the measurement.

I I T 1 I
wN &,: inversion
- 41 ¢ & inversion i
w
0 Copper content, ¥y = 0.77
1 " 1 n 1 " 1 L 1 i
T T x T " L] T ¥
wN &, inversion
~ 4k & inversion .
s
W
Copper content, y = 1.00
0
1 1 1 1 1
Ll I T 1 I
8}
oY ! &, inversion
= s g inversion
- 2
w 4
Copper content, ¥ = 1.16
0 L i 1 i 1 n 1 i 1 i

1 2 3 4 5 6
Photon energy (eV)

Fig. 1.  Dielectric functions for thin film CIS with three different
values of the copper content y = 0.77, 1.00, and 1.16. In the
determination of these results, best fit structural parameters were
fixed and exact inversion of the SE data was performed.

II1. RESULTS AND DISCUSSION

A. Mapping SE of CIS Material

Mapping SE data were analyzed assuming an optical model
as follows: ¢-Si/(SiO, native oxide)/CIS/(surface roughness).
A starting point complex dielectric function (g, &) for the
CIS layer was adopted from the results for a sample with x =
0,y =0.90 £ 0.03 from Ref. [13]. Iterative adjustments were
then made using a Kramers-Kronig consistent B-spline model.
The (g, &) spectra for the components of the c-Si substrate
and the thickness of its native oxide were used from an
existing database and from an SE measurement before
deposition, respectively. The CIS bulk and surface roughness
layer thicknesses and the void volume fraction in the
roughness layer were the key outputs of the B-spline fit. The
results for the best fit structural parameters were fixed in a
final numerical inversion of SE data to generate the (g, &)
spectra for the CIS thin films. Figure 1 shows the resulting
spectra for three locations with y values 0.77, 1.00, and 1.16.
Figure 2 shows the second derivatives of the (g, €,) spectra of
Fig. 1. The results in Fig. 2 were fit to an expression for (g,
€,) assuming a sum of two critical point (CP) oscillators. The
lower energy CP, E((A,B), defines the bandgap E,, and its best
fit energy shows a monotonically decreasing trend with
increasing Cu content y. Values in Fig. 2 are 1.026 eV for
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Fig.2.  Second derivatives of the complex dielectric functions of
Fig. 1 for CIS thin films (points) along with best fits (lines) assuming
a sum of two CP oscillators. The precise values of the energies for
the bandgap CP [Ey(A,B)] and near bandgap CP [E(C)] are shown.



y=10.77, 1.019 eV for y = 1.00, and 1.015 eV for y = 1.16.
The next higher energy critical point Eo(C) shows a similar
decreasing trend with increasing y. The corresponding £y(C)
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Fig. 3. Bandgap CP energy E, = Ey(A.,B) for CIS thin films as a
function of the copper content y obtained from analyses of second
derivatives of the (g, €,) spectra such as those of Fig. 2.
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Fig. 4.  Plots of (a) Urbach tail slope and (b) bandgap critical point
broadening parameter versus copper content y obtained from (g, ;)
spectra for the set of eight CIS films of Fig. 3.

values are 1.211 eV for y = 0.77, 1.207 eV for y = 1.00, and
1.186 eV for y = 1.16. All confidence limits are ~ + 0.001 eV.
Figure 3 shows a plot of the resulting Eo(A,B) CP bandgap E,
versus Cu content y from EDS for the full set of eight samples.
The figure shows a decrease in bandgap with increasing y that
is closely linear over the range of y from ~ 0.7 to 1.1.

The inverted dielectric functions were parameterized by
using a combination of critical point (CP) oscillators and a
broad background Tauc-Lorentz oscillator, along with a
constant offset to €. Furthermore, an Urbach absorption tail
was added so as to fit €, below the bandgap. Figure 4 (a) and
(b) show the resulting Urbach tail slope and bandgap CP
broadening versus y, respectively. A close correlation between
the two parameters is observed. Minima are found near y = 1
in both plots, indicating that stoichiometric CIS exhibits the
lowest disorder or potential fluctuations.

Figure 5 depicts optical gap energies for CIS obtained from
the zero-ordinate extrapolation of the absorption edge region
where (anE)* oc E; in this proportionality ¢, n, and E are the
absorption coefficient, the index of refraction, and the photon
energy, respectively. These data are plotted versus the CP
bandgap values from the second derivatives of the (g, &)
spectra as in Fig. 2. The plot shows three regimes: (i) a linear
segment for y > 1.04 where the extrapolation optical gap is
lower than the CP bandgap, likely due to subgap absorption
that occurs with excess Cu content and distorts the analysis by
extrapolation; (ii) a linear segment with 0.77 < y < 1.04 with
excellent agreement between the two gap determinations; and
(iii) a single result for y = 0.67 leading a higher extrapolation
optical bandgap than the CP bandgap, generated by a change
in the absorption onset shape observed for low y.

Figure 6 shows maps of the CIS layer effective thickness
and the CIS composition and bandgap as obtained from SE
analyses over the 10 cm x 10 cm sample area. The parametric
form for (g, &) given in terms of y enables simultaneous
determination of the variations in the structural parameters and
stoichiometry over the mapped area. The effective thickness in
the top-most map of Fig. 6 is defined as the volume of CIS
material per unit substrate area, given by der = d,, + (1-£,) dy,
where d, and d; are the bulk and surface roughness layer
thicknesses and f, is the void volume fraction in the surface
roughness layer. The Cu content y in the center map of Fig. 6,
determined from the parameterization, provides the bandgap
energy in the lower map through the relationship of Fig. 3.
The observed non-uniformity over the area of the sample, as
measured by mapping SE, is intentional due to the positioning
of the substrate and sources. In addition, the fluxes were set
for excess Cu with y ~ 1.2 over the most uniform area of the
substrate in order to achieve the desired wide range of y over
the full area. The SE analysis results using the parametric (g,
&) were found to be closely consistent with EDS over the
range 0.7 <y < 1.1, as shown by the correlation plot in Fig. 7.
Deviations occur for y > 1.1 where the parametric expressions
for (g, &) in terms of y are less accurate.
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Fig.5.  CIS optical gaps from the (cnE)* vs. E extrapolation versus
bandgaps E, obtained from the CP model. Here « is the absorption
coefficient, # is the refractive index, and £ is the photon energy.

B. Solar Cell and EQE Analysis

Figure 8 (points) shows the SE measurement results in the
form of (y, A) for a complete CIS solar cell with the structure
SLG/Mo/CIS/CdS/ZnO/ITO, where SLG indicates the soda-
lime glass substrate. In addition to the (g, €,) database for
CIS developed as described in the previous section, an earlier
database presented in detail elsewhere was used for the (g1, €,)
spectra of Mo, CdS, and ZnO [15]. The results for ITO were
obtained from an individual film deposited on SLG using the
procedures outlined in detail in Ref. [15]. The best fit to the
SE spectra are shown in Fig. 8 as the solid lines with the
deduced structural parameters given in the schematic of Fig. 9.
This fit closely describes the data with the low energy
interference fringes providing information on the CIS layer
thickness and the high energy fringes providing information
on the overlying layer thicknesses. Roughness layers are
required on the surface of the ITO and at the Mo/CIS and
CIS/CdS interfaces in order to obtain a high quality fit. These
roughness layers are in general thicker than those on standard
CIGS solar cells, likely due to thicker roughness on the 1.25
um CIS layer compared to 2 um CIGS. Because of the
similarity of the (g, €,) spectra of ZnO and ITO, roughness at
the interface between these two layers cannot be detected.

Figure 10 shows EQE spectra predicted from the structural
model in Fig. 9 for comparison with the measurement. Two
predictions are presented, one in which 100% collection of
photogenerated electrons and holes in the two active layers are
assumed, and the other in which reduced collection in the
form of a step-wise profile is assumed for the CIS bulk layer.
In the former simulation, the active layers are the CIS bulk
layer and the CIS/CdS interface layer as in earlier studies [15].
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c-Si wafer.
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(triangles) acquired at an angle of incidence of 70° for a completed
CIS solar cell having the structure SLG/CIS/CdS/ZnO/ITO. A best
fit (lines) is shown that provides the structural parameters in Fig. 9

A significant reduction in the measured EQE relative to the
ideal simulation is observed. This difference can be reduced
by assuming a carrier collection profile that varies from 100%
collection close to the junction, dropping to zero in a layer ~
250 nm thick adjacent to the back contact, behavior similar to
that observed for cells with thin CIGS absorbers < 1 um [15].
The transition to < 50% collection occurs at ~ 500 nm distance
from the junction, consistent with a reduced diffusion length
for minority carriers in the CIS layer as compared to CIGS.
Future efforts will focus on multistage and post-deposition
processing to improve the CIS absorber layer properties.
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Fig.9. Solar cell schematic presenting the best fit structural
parameters along with the confidence limits on the thicknesses,
obtained in an analysis of the SE data shown in Fig. 8. This structure
forms the basis of the EQE simulations in Fig. 10.
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IV. CONCLUSIONS

Ex-situ single-location and mapping SE have been
implemented to characterize CIS thin films and devices. By
exploiting a spatial variation in stoichiometry, a parametric
expression for the complex dielectric function of CIS in terms
of the copper content y = [Cu]/[In] has been established. This
parametric expression enables large area mapping of thin films
in terms of the bulk and surface roughness layer thicknesses,
the effective thickness, and the Cu stoichiometry, the latter



showing spatial variations typically due to the positioning of
metallic sources. From analyses of SE measurements
performed on complete solar cells, structural models can be
determined that enable simulations of the external quantum
efficiency (EQE). Comparisons of these simulations with
EQE measurements provide insights into the distribution of
collection losses throughout the CIS absorber layer. The
results of this research can assist in the performance
optimization of CIS devices as candidates for the bottom solar
cell in tandem device configurations.
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