
 

 

http://uu.diva-portal.org 
 
 
 
 
This is an author produced version of a paper published in Thin Solid Films. This 
paper has been peer-reviewed but does not include the final publisher proof-
corrections or journal pagination. 
 
 
Citation for the published paper: 
Schleussner, Sebastian et. al. 
”Reactively sputtered ZrN for application as reflecting back contact in 
Cu(In,Ga)Se-2 solar cells” 
Thin Solid Films, 2009, Vol. 517, Issue 18: 5548-5552 
URL: http://dx.doi.org/10.1016/j.tsf.2009.03.196 
 
Access to the published version may require subscription. 

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by CiteSeerX

https://core.ac.uk/display/357367105?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


Reactively sputtered ZrN for application as reflecting back contact in CIGS
solar cells
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Abstract

We investigate reactively sputtered films of zirconium nitride, ZrN, for use as highly reflecting back contacts
in Cu(In,Ga)Se2 (CIGS) devices with sub-micrometer absorbers. We identify the nitrogen flow and the sputter
current as the decisive parameters for the composition, and demonstrate a method for determining the nitrogen
flow at which the transition from metallic to compound sputtering mode occurs for a given current. Films
prepared at this working point consist of stoichiometric ZrN with a low resistivity, a high reflectance for red
and infrared light, and have a fairly high sputter rate. Calculations show that the reflectance at the ZrN/CIGS
interface is significantly superior to that at the standard Mo/CIGS interface.
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1. Introduction

With competition in the photovoltaics market
growing steadily, using a thinner absorbing layer in
solar cells becomes more and more attractive. A gen-
eral economic benefit is that material costs are re-
duced this way; for thin-film solar cells, it usually
also translates into shorter processing times for each
device and thereby into higher production through-
put. However, such a reduction is practically lim-
ited to around the thickness at which the absorber
material starts being transparent to a significant de-
gree even above its band-gap energy. The prob-
lem is illustrated for thin-film solar cells based on
Cu(In,Ga)Se2 (CIGS) in Figure 1, which shows the
external quantum efficiency characteristics of one
conventional CIGS solar cell with a typical absorber
thickness (1.7 µm) and of one with a thin absorber
(0.5 µm). It can be seen that while the bandgap of
both absorbers is virtually identical, the cell with a
0.5µm absorber has considerable losses compared to
the standard cell, which can be attributed at least
partly to absorption losses.

The limitation caused by reduced absorption can
be alleviated by increasing the effective length of the
optical path. Approaches for this include light trap-
ping by means of rough or textured interfaces [1, 2]
and increasing the reflectance at the backside of the
absorber by replacing the traditional molybdenum
back contact with a more reflective layer [3]. We have
previously suggested using zirconium nitride (ZrN) as
such a back-reflector layer [4]. ZrN has been investi-
gated for application as transparent heat mirrors be-
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cause of its high long-wavelength reflectance [5] and
is also known for its high corrosion resistance [6].

The present work investigates stoichiometric and
non-stoichiometric zirconium-nitride (ZrNx) films
prepared on glass by reactive DC magnetron sputter-
ing, which is one of the most common methods. With
some literature on sputtered ZrN considering the ni-
trogen flow [7, 8, 9] and others considering the ratio
of nitrogen to argon flow [10, 11], it is not entirely ob-
vious which of these parameters has the most direct
influence when sputtering ZrN. We therefore begin
with an experiment to examine this question. Sub-
sequently, we analyse the sputter rate and the ma-
terial properties reflectance, resistivity, composition
and structure of these ZrNx films. These analyses al-
low us to correlate the properties of interest for the
application in solar cells with more certain process
conditions: Besides a high film reflectance, a high
sputter rate is desirable for achieving high process
througput and minimizing inclusion of residual oxy-
gen into films. Since the ZrNx films are to be used as
a part of the electrical back contact, their resistivity
should also be low.
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Figure 1: External quantum efficiency of a CIGS
solar cell with standard thickness (1.7 µm, dashed
line) and of one with a thin absorber (0.5µm, solid
line).

2. Experimental

Zirconium nitride (ZrN) films have been deposited
by DC magnetron sputtering in a von Ardenne
CS 730S high-vacuum system, where a turbomolec-
ular pump with a nominal pumping speed of 880 l/s
provided a base pressure of 1× 10−7 Torr or below.
The pump was not throttled throughout the exper-
imental series, which yielded an effective pumping
speed of approximately 425 l/s under process condi-
tions. An ENI RPG-50 plasma generator was used in
continuous-DC mode with current control, acting on
a magnetron with a 99.2 % pure zirconium target of
150 mm diameter, which was mounted at a distance
of 55 mm from the sample plane.

Samples were loaded onto the process chamber’s
rotary table via a load-lock system, in batches of
four. Each of the samples investigated here was a
1 mm thick sheet of soda-lime glass of the dimensions
50× 100 mm2. A piece of microscopy cover glass usu-
ally shaded a small part of each sample to provide
a step for subsequent thickness measurements. The
samples and sample mounting were electrically float-
ing (that is to say, without either grounding or bias-
ing), and no external heating was applied.

The target was sputter-cleaned for five minutes at
a current of 3 A and an argon gas flow of 100 stan-
dard cubic centimeters per minute (sccm). The fab-
rication of each ZrN layer was then initialized by a
conditioning of the target in a mixed argon-nitrogen
atmosphere with the intended nitrogen flow, followed
by the deposition on the sample. For the process the
argon flow was reduced in proportion to the nitrogen
flow in order to minimize changes of the pressure.

Samples were fabricated under various conditions,
with currents between 3 A and 6 A and nitrogen flows
ranging from 0 sccm to 40 sccm. This paper focuses
on four of these samples, prepared at a current of
3 A within a wide range of nitrogen flows, denoted
I through IV. The relevant process parameters for

these samples are summarized in Table 1. The crys-
tal structure of the sputtered films was charater-
ized by grazing-incidence (GI-XRD) and Θ–2Θ X-
ray diffraction (T2T-XRD) scans in a Philips X’pert
MRD equipped with an X-ray mirror and a parallel-
plate collimator, using Cu-Kα radiation. All GI-XRD
diffractograms were collected at an angle of incidence
of 0.5◦. The areal density of Zr atoms was determined
from X-ray fluorescence performed in a Spectro X-lab
2000 and calibrated with Dektak Gamma step pro-
filometer measurements on several samples, which it
fitted well; the accuracy of this measurement is esti-
mated to be in the order of 10 nm.

Elemental depth profiles of the thin films were mea-
sured using time-of-flight energy elastic recoil detec-
tion analysis (ToF-E ERDA) [12] with 40 MeV 127I9+

ions as projectiles. The measurements were per-
formed at the Tandem Laboratory, Uppsala Univer-
sity. The incident angle of primary ions and the exit
angle of recoils were both 67.5◦ to the sample sur-
face normal, giving a recoil angle of 45◦. A detailed
description of the experimental setup has been given
by Zhang et al. [13]. All recoil ToF-E ERDA spectra
were analysed using the CONTES code [14] for ex-
tracting the depth profiles of relative elemental con-
centration. The measurement error is estimated to
be in the order of 6 % of the elemental ratio value.

Specular reflectance was analysed at near-normal
incidence in a single-beam spectrophotometer at Up-
psala University, which is described in detail by Nos-
tell et al. [15]. The spectra considered here were
recorded in steps of 10 nm in the wavelength range
of 300 nm to 1100 nm, since this covers most of the
optically active range of CIGS solar cells.

3. Optics

While the reflectance characteristics are measured
in air, the most relevant property for assessing the re-
flector material is its reflectance within the solar-cell
device. This can be calculated based on the following
considerations:

On the one hand, the reflectance at the interface
between any two (nonmagnetic) materials is governed
by the Fresnel formula [16, ch 3.1.4]

R(ω) =
|N1(ω)−N2(ω)|2

|N1(ω) +N2(ω)|2
, (1)

Table 1: Process parameters for the samples I–IV
discussed in this paper. QN and QAr are the nitro-
gen and argon flows, p is the process pressure and
U is the target voltage. The sputter current was I
= 3 A for all four samples, the process duration was
180 s.

Sample QN QAr p U Rate
[sccm] [sccm] [mTorr] [V] [nm/s]

I 4 97 3.30 232 2.2
II 8 95 3.32 252 1.4
III 20 87 2.88 261 0.7
IV 36 76 3.00 273 0.5
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Figure 2: Target voltage as a function of nitrogen
flow, for sputter current I = 5 A and various argon
flows: Discs QAr = 100 sccm, squares 75 sccm, tri-
angles 50 sccm. Arrows to the right and left indicate
the branches for increasing and decreasing nitrogen
flow, respectively.

where N i are the complex refractive indices of the
two materials,

N = n− jk =
√
ε (2)

with the real part of the refractive index n, the extinc-
tion coefficient k and the complex dielectric function
ε. For the refractive index of CuIn0.77Ga0.23Se2 we
use data from Orgassa et al. [3, App. B], and data
from the CRC Handbook [17, Section 12] is used for
molybdenum.

On the other hand, it is known since earlier that
zirconium nitride can be viewed as a Drude free-
electron metal [5, 8], for which the complex dielectric
function εr for visible and infrared radiation is given
by the relation

εr(ω) = ε∞ −
ω2
P

ω2 + iω/τ
, (3)

with the high-frequency dielectric constant ε∞, the
plasma frequency ωP and the electron scattering
time τ . The dielectric function of zirconium-nitride
films can thus be determined by fitting Eq. 3 to the
measured reflectance data via Eqs. 1 and 2 (setting
N1 = n = 1 for air).

4. Reactive Sputter Process

For reactive sputtering, a reactive gas is added to
the conventional argon working atmosphere. In the
general case, the control of a reactive sputter process
is complicated by the existence of a hysteresis effect
with respect to the flow of the reactive gas. The
hysteresis effect limits the achievable compositions
or decreases the deposition rate substantially. In a
typical process, two distinct operating modes exist:
When the flow of reactive gas is low, the target sur-
face is kept metallic and the deposition rate is high,
but the deposited films are under-stoichiometric. For

higher reactive-gas flows, the target gets covered with
a compound due to the reaction with reactive gas,
which results in a low deposition rate. The hysteresis
can be suppressed if the pumping speed is sufficiently
high [18], so that one can explore the whole area of
compositions and working conditions.

As laid out by Lieberman and Lichtenberg [19, Ch.
14.5], steady-state sputtering operation requires that
the number of ion particles in the plasma be con-
stant. Ions are generated in a cascade process, where
impinging ions cause the emission of secondary elec-
trons from the target with a emission coefficient γ,
which in turn create N new ion-electron pairs in the
plasma. The steady-state condition can thus be de-
scribed by the relation N ·γ = 1. N is approximately
proportional to the target voltage U and increases
with increasing pressure. The pressure dependence
can be attributed to the reduction of the mean free
path of electrons with increasing pressure, which in
turn enhances the probability of ionizing a gas atom.
The emission coefficient γ is primarily dependent on
the target material, and like the sputter rate it is
usually lower for compounds than for metals.

Rewriting the steady-state condition as N∗γ ·U =
1, where N∗ is the voltage-independent part of N and
of the dimension V−1, indicates that the target volt-
age can be used as a measure of the target state in
reactive sputtering processes. As Sproul et al. indi-
cate [20], the transition from metallic mode to com-
pound mode is indicated by a local extremum of the
voltage as a function of the reactive gas flow.

5. Results and Discussion

The link between target state and target voltage
was used to verify the dependence of the sputter mode
on process conditions. For this, the nitrogen flow QN
was increased in steps over a range from 0 sccm to
40 sccm and decreased again, at various sputter cur-
rents and argon flows. Figure 2 displays the target
voltage recorded for each step at a current of 5 A,
for argon flows between 50 sccm and 100 sccm. Qual-
itatively the characteristics are quite similar to each
other. The main difference between them lies in the
decrease of the voltage level with increasing argon
flows, which is be expected owing to the change in
process pressure, which was roughly proportional to
the change in flows. Most importantly, however, it
can be seen that the position of the local maximum
with respect to QN is practically independent of the
argon flow. This shows that the compound-mode
working point for a given current is indeed only de-
termined by the nitrogen flow QN , which agrees well
with the sputter-process model presented by Berg
and Nyberg [21]. Moreover, no signs of the hystere-
sis effect are visible in the characteristics, which in-
dicates that the pumping speed is sufficiently high
in the sense noted in Section 4. Different sputter
currents in the range from 2.5 A to 6 A yielded simi-
lar characteristics. The position of the local maxima
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Figure 3: Deposition rate as a function of nitrogen
flow, for the sputter current I = 3 A. The Roman
numbers correspond to the samples listed in Table 1.

scaled with the current and could be fitted well by
the linear relation

Q∗N = 4 · (I − 1) (4)

where Q∗N is given in sccm and I is given in A. There-
fore we consider the current and the nitrogen flow as
the main process parameters in the following experi-
ments.

As shown in Figure 3 for the samples prepared at
I = 3 A, the deposition rate at 4 sccm of nitrogen
flow is relatively high with a value of 2.2 nm/s, simi-
lar to metallic sputtering of Zr, which at this current
would proceed at a rate of approximately 3.5 nm/s.
The rate then drops at 8 sccm, which is the special
flow given by Eq. 4, and reaches a much lower level
of about 0.5 nm/s at high nitrogen flows. This sup-
ports our finding that a transition from metallic to
compound mode occurs at or near the flow yielding
a maximum in the target voltage.

ERDA analyses were performed on samples I
through IV; Figure 4 displays the ERDA depth pro-
files of selected elements in sample II. The overlap of
the Zr and N signals with the O and Si signals from
SiO2 in the underlying glass is owed to the limited
depth resolution of the ERDA measurement. On the
other hand, we attribute the oxygen peak at the sur-
face to oxidation due to air exposure. Apart from
these regions, the zirconium and nitrogen contents in
Figure 4 prove to be fairly uniform, in which they are
typical for all samples measured, and close to a N/Zr
ratio of x = 1, which is to say, close to stoichiome-
try. For all samples, the mean value of the N/Zr ratio
has been calculated from the region of the respective
profiles which does not feature significant amounts
of oxygen coming from the surface or the substrate,
as noted above, and these values are noted together
with other properties of the samples in Table 2.

GI-XRD diffractograms of the four main samples
are seen in Figure 5. For samples II (QN = 8 sccm)
and III (QN = 20 sccm) the films are well crystal-
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Figure 4: ERDA atomic-content profiles of the el-
ements Zr, N, O, Si, and Na in sample II. The x-
axis unit of 1 × 1015 atoms/cm2 corresponds to one
monolayer. The increase of the O signal near 0 hints
at surface oxidation. The dashed vertical line marks
the actual border between the film and the glass,
which is smeared out in the data due to the limited
depth resolution of ERDA. The Zr and N signals are
fairly uniform and close to a ratio of 1.

lized in the cubic (NaCl-type) ZrN phase with no
secondary phases. With increasing nitrogen flows,
the peaks broaden and shift towards lower diffraction
angles. A similar shift of the peaks towards lower an-
gles was also found in the T2T-XRD diffractograms,
which allow an accurate calculation of the lattice con-
stants. The increase of the lattice constant a is seen
in Table 2. It seems likely that this dilatation of the
crystal lattice is caused by interstitial inclusion of ni-
trogen, as also Benia et al. [7] assume.

For sample IV (QN = 36 sccm), the composition
N/Zr ≈ 1.4 shown by ERDA would predict the struc-
ture Zr3N4, but the diffractogram does not indicate
any crystalline Zr3N4. Given the high background
level in the diffractogram and the width of the peaks,
the sample may well consist of ZrN crystals embedded
in an amorphous Zr3N4 matrix, again in accordance
with Benia et al. [7].

For sample I, prepared at the lowest nitrogen flow
of 4 sccm, the diffractogram differs strongly from the
others. In accordance with the ERDA result of N/Zr
≈ 0.2, the material largely consists of metallic zir-

Table 2: Some relevant properties of the samples I–
IV. R800 nm stands for the specular reflectance at
the wavelength 800 nm, N/Zr describes the average
atomic ratio of nitrogen to zirconium as obtained
by ERDA, and a is the crystal lattice constant as
obtained from T2T-XRD measurements.

Sample d R800 nm N/Zr a Colour
[nm] [%] (x) [Å]

I 400 60 0.22 - silver
II 250 78 1.07 4.60 golden
III 120 39 1.20 4.63 dark golden
IV 100 65 1.37 4.66 grey-brown
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0 10 20 30 40

10
2

10
3

10
4

Nitrogen flow rate Q
N

 [sccm]

R
es

is
tiv

ity
 ρ

 [µ
Ω

⋅c
m

]

IV

III

II

I

Figure 6: Electrical resistivity as a function of ni-
trogen flow. The Roman numbers correspond to the
samples listed in Table 1.

conium, as witnessed by the dominating reflections
of the hexagonal Zr phase, with traces of reflections
of the cubic ZrN phase at the ZrN-(111) and (200)
positions.

The dependence of the film resistivity on the ni-
trogen flow is seen in Figure 6. A minimum of the
resistivity can be seen at the presumed point of sto-
ichiometry, for sample II, and this fits the finding
of Benia et al. [8]. The higher resistivity for sample
I is consistent with the indications that this film is
mainly made up of metallic zirconium with nitrogen
dissolved in it, since the nitrogen atoms may act as
scattering centres for electrons within the metal lat-
tice. Likewise, the rise in resistivity from sample II
suggests that in sample III additional nitrogen atoms
are trapped in the ZrN matrix, working in a similar
manner as before, while the further strong increase
in resistivity towards sample IV is consistent with
the compositional and structural indications for the
likely presence of the insulating Zr3N4 phase in that
sample.
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Figure 7: Specular reflectance at near-normal inci-
dence. The Roman numbers correspond to the sam-
ples listed in Table 1.

Figure 7 shows the spectral reflectance of the four
samples. Samples II and III clearly display the char-
acteristics of a free-electron metal as described by
the Drude model, with a high reflectance plateau at
long wavelengths and a minimum in the blue to ul-
traviolet regime. Sample II achieves the highest and
most stable long-wavelength reflectance, which in ac-
cordance with literature once more identifies it as sto-
ichiometric [5, 8]. Compositional deviation to sub-
stoichiometry in sample I yields characteristics simi-
lar to metallic zirconium, with an infrared reflectance
in the order of 60 % and a much weaker reflectance
reduction at short wavelengths. Deviation towards
over-stoichiometry in sample III also diminishes the
long-wavelength reflectance but shifts the onset of the
high-reflectance regime towards longer wavelengths.
Far above stoichiometry, in sample IV, the trends
in the onset and above all level of this regime con-
tinue, with the reflectance reaching no more than 50%
within the considered wavelength interval.

Samples were also prepared with the sputter cur-
rents I = 4 A, 5 A and 6 A, at the nitrogen flows given
by Eq. 4. The results show that the highest long-
wavelength reflectance achieved is fairly independent
of the sputter current. Also, the nitrogen flows yield-
ing the highest reflectance again obey the relation in
Eq. 4, and small deviations from the optimal nitro-
gen flow do not cause dramatic drops in the long-
wavelength reflectance.

For all four samples I through IV, the reflectance
characteristics could be fitted, for wavelengths above
their respective reflectance minimum, by the Drude
model as presented in Section 3. The resulting pa-
rameters ε∞, ωP and 1/τ are compiled in Table 3,
and Figure 8 shows the real part n and imaginary
part k of the complex refractive index of sample II
as an example.

Figure 9 demonstrates the resulting reflectance
that may be expected at the back contact, for the
case of ZrN contacts constituted by the conductive
samples I through III and for a standard molybde-

5



400 600 800 1000
0

2

4

6

8

Wavelength λ [nm]

n,
 k

 

 

n

k

Figure 8: Real part n and imaginary part k of the
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num contact. The data have been calculated by ap-
plying Eq. 1 to the n and k values of CIGS and of
the respective back-contact material. It is evident
that the back-contact reflectance is considerably en-
hanced over virtually all of the relevant part of the
solar spectrum. On average, the optical losses in this
part of the stack are reduced by over a third for wave-
lengths over 600 nm.

6. Conclusion

We have identified the nitrogen flow and the sput-
ter current as the decisive parameters for the compo-
sition of reactively sputtered zirconium nitride, and
we have demonstrated a method for determining the
nitrogen flow at which the transition from metallic
to compound sputtering mode occurs for a given cur-
rent, by plotting the target bias over the nitrogen
flow. Further analyses have shown that films pre-
pared at this working point consist of stoichiomet-
ric ZrN, which proves to have properties interest-
ing for for solar-cell reflectors, namely a relatively
low resistivity, a high reflectance for red and infrared
light, and a fairly high sputter rate. Simple optical
modelling of the interface between a CIGS absorber
and different back contacts shows that the reflectance
of this stoichiometric zirconium nitride exceeds that
of the usual molybdenum and thus can contribute
to reducing the optical losses in very thin solar-
cell devices. Strongly under- and over-stoichiometric
zirconium-nitride films do not share these properties

Table 3: Drude-model parameters.

Sample ε∞ h̄ ωP h̄/τ
[eV] [eV]

Zr 1.7 6.7 1.7
I 1.7 7.0 1.9
II 13.6 10.9 0.8
III 12.1 8.9 1.1
IV 8.0 6.7 2.0
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Figure 9: Simulated reflectance at several ZrN/CIGS
interfaces, compared to a standard Mo/CIGS inter-
face.

and are thus uninteresting for the considered appli-
cation.
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