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Abstract 

A method is described for fabricating low-resistivity molybdenum films on soda-lime glass substrates with good adhesion. Films 
are sputtered onto substrates nominally held at room temperature in a cryo-pumped d.c. magnetron system in a partial pressure 
of argon. l-pm-thick films sputtered at low argon pressure were found to have low resistivity (IO-15 pR cm), were under 
compressive stress, and suffered from poor adhesion. Films sputtered with high argon pressure had high resistivity (50-250 $I 
cm), were under tensile stress, but adhered well to the glass. By varying argon pressure during deposition, l-pm-thick molybdenum 
bilayers have been fabricated with both low resistivity (12- 14 @2 cm) and good adhesion. These films are being used as back 
contacts for the National Renewable Energy Laboratoy’s state-of-the-art polycrystalline copper indium gallium diselenide solar 

cells with good results. 
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1. Introduction 

Copper indium diselenide, CuInSe, (CIS), and its 
gallium alloys, Cu( In, _ h GaJSe, (CIGS), have emerged 
as promising polycrystalline thin-film semiconductors 

for solar cell absorber layers [ 11. These direct bandgap 
semiconductors have bandgaps ranging from 1 .O to 1.26 

eV, and have been used as absorber layers in small-area 
solar cells having total-area efficiencies of up to 16.4% 
[2], the highest for any polycrystalline thin-film photo- 
voltaic (PV) technology. 

Solar cells fabricated at the National Renewable En- 
ergy Laboratory (NREL) have the structure shown 
in Fig. 1. A l-pm-thick MO back contact layer is 
deposited onto glass substrates. The nominally 2.5pm- 
thick p-type CTS or CIGS absorber layer is sub- 
sequently deposited onto the MO-coated glass at tem- 
peratures ranging from 450 “C to 590 “C, depending on 
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Fig. 1. Cross-sectional view of the CIS or CIGS solar cell structure 

(not to scale). 

the deposition process. The window layer, deposited 
over the absorber layer, consists of a 50-nm-thick, 
near-intrinsic, chemically grown CdS layer followed by 
an ion-beam-sputtered, lightly doped (50 nm) then 
heavily doped (300 nm), n-type ZnO layer. An Al-Ni 
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grid is fabricated on top of the window layer to form 

the top contact. A MgF, anti-reflection coating is de- 

posited over the finished device. Test devices have a 
nominal total area of 0.43 cm’. The details of the cell 
fabrication are found elsewhere [3]. 

While the details vary, CIS and CIGS cells generally 
have structures similar to the NREL cells described 

above. In particular. MO is nearly always used for the 
back contact layer. The reason for this is partially 
historic and partially scientific. A variety of metal/CIS 

contacts have been investigated, including MO [4-81, Pt 

[4,5,8]. Au [4-6,8,9], Au/Be [4], Al [6,10,11], Ni [6,7,9], 
Ag [6], and Cu [6]. These studies show that Pt, Ni, Au, 
and MO all form fairly reproducible, low-resistance 
contacts to CIS. With annealing at elevated tempera- 
tures. Au and Pt show significant diffusion into the CIS 
[5], while Mo and Ni contacts seem to improve with 

high-temperature treatment [9]. Other evidence shows 
that both MO and W films deposited on CTS interdiffuse 
with the CIS at 600 “C [12]. 

In these investigations, however, the metal layers 
were deposited onto either single-crystal or polycrys- 

talline CTS at relatively low temperatures. The contact 
properties of CIS films formed at high temperatures on 
metallic thin films are likely to be quite different. More- 

over. for polycrystalline CIS solar cells, the metallic 
back contact forms the substrate upon which the ab- 

sorber layer is formed. Because of its relative stability at 
the processing temperatures. resistance to alloying with 
Cu and In, and its low contact resistance to CIS, MO 
has emerged as the dominant choice for the back 
cont;lct layer to CIS and CIGS solar cells. 

A number of papers have been written on the proper- 
ties of sputtered MO films [ 13-221. Like other refrac- 

tory metals deposited with d.c.-magnetron sputtering, a 
correlation is observed between the sputter gas pressure 
and the stress of the as-deposited film [ 13-161. Films 

deposited with low Ar pressure are generally found to 
be under compressive stress, while those deposited with 
high pressures are found to be under tensile stress. (Of 
course, the scale for high and low pressure is deter- 
mined by the particular sputter system and target ge- 

ometry.) Gross stress may be determined by visual 
inspection in that highly compressed films tend to 
buckle up, frequently in zigzag patterns, whereas films 
under extreme tensile stress develop a system of stress 
lines that look like scratches. 

In this work, the results of adhesion, sheet resistivity, 
and biaxial stress measurements on a set of seven thin 
MO films deposited at various Ar pressures are re- 
ported. The sputtered film’s growth microstructure was 
used as a model to understand the changing stress state 
of the film with gas pressure, and served as a rationale 
for the bilayer method developed here. The details of 
the model employed and the stress measurements are 
described in a forthcoming publication [17]. 

2. Experimental procedures 

2.1. Film fuhricution 

A series of seven MO films were prepared under 
identical conditions except for variation in the Ar pres- 
sure during sputtering. Films were sputter-deposited 
onto 5 cm x 5 cm x 2.4 mm soda-lime glass substrates 

held approximately 8 cm from a 12 cm x 20 cm, planar, 
d.c. magnetron, MO target in a high-vacuum system 
(chamber volume 2 80 1) evacuated by a CT-8 cryo- 

pump. Films were deposited simultaneously onto two 

substrates without rotation. The long axis of the nomi- 
nally 5 cm x IO cm substrate combination was aligned 
and centered above the long axis of the rectangular 

sputter target. 
The following procedure was used for depositing all 

films. First, the chamber was evacuated to a base 
pressure close to 1 x 1OV” Torr. Next, with the high- 
vacuum valve fully open, Ar flow into the chamber was 

increased until the chamber pressure rose to 0.2 mTorr, 
as measured by a Granville-Philips model 275 convec- 

tron gauge calibrated for Ar. Third, the gate-valve was 
throttled to raise the chamber pressure to a value p 

to be maintained during deposition. Fourth, the high 
voltage to the d.c. power supply was turned on, and the 
current control rapidly increased until the current I was 

1.0 A. During the duration of the sputter process (X- 
10 min) the gate-valve and current control were manu- 
ally adjusted as necessary to maintain constant pressure 
and current. The voltage was recorded after it stabi- 
lized, about I min into the deposition. Each film was 
deposited at (nominally) room temperature with a sput- 
ter current of I .O A. Based on calibration runs (see 

below), the sputter time for each pressure was chosen to 
yield a film having a nominal thickness of 500 nm. The 
deposition parameters are summarized in Table I. 

Sample thicknesses were not measured directly. In- 
stead, calibration films were deposited for 5.0 min with 

Table I 
Summary of deposition parameters for the samples of this study. 

Listed are the Ar pressure (p), voltage (V). film thickness (I). and 

deposition rate (R). The sputter current I = I .O A for all films 

P V I R 
(mTorr) (V) (nm) (As ‘) 

0.2 340 540 10.0 
0.5 340 460 9.2 

I .o 330 520 9.6 

2.0 315 500 9.3 

5.0 310 500 8.3 

10.0 262 470 9.8 

20.0 240 620 10.3 
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a given sputter current and Ar pressure. The thickness 
of each calibration film was determined (see below) and 
the sputter rate calculated by dividing this by the 
known sputter time. It was then assumed that the 
sputter rate was the same for subsequent runs for the 
same p and I. Numerous checks were made to deter- 
mine film uniformity and reproducibility. 

The thickness of a calibration film was determined as 
follows. A liquid paste was used to “paint” a series of 
approximately 2 mm x 2 mm “dots” onto the surface of 
a cleaned glass substrate. After allowing the dots to dry 
the substrate was loaded into the deposition chamber. A 
thin MO film was subsequently sputtered onto the sub- 
strate at the desired Ar pressure for a known amount of 
time, typically 5 min. The substrate was subsequently 
removed from the chamber and the dot pattern trans- 
ferred to the MO film by dissolving away the paste by 
soaking the substrate in an organic solvent using an 
ultrasonic cleaner for a few minutes. Film thicknesses 
were then determined at all locations where the dots had 
been, using an Tencor thin-film profilometer. 

Film sheet resistance was determined at several loca- 
tions on each film using a standard four-probe tech- 
nique. Sheet resistances varied by no more than 10% 
across the 5 cm x 10 cm substrate area. 

2.3, X-ray biaxial stress determination 

Preliminary Bragg-Brentano X-ray diffraction 
(XRD) measurements were performed on the seven 
films using a Rigaku instrument and Cu KU. radiation. 
These XRD measurements may be used to approximate 
one component of the strain tensor, i.e. perpendicular 
to the plane of the film. To deduce in-plane film stress, 
however, back-reflection measurements at several sam- 
ple tilt angles are required. 

Such measurements of the MO 321 peak profiles at 
- 132” 20 were made on a Siemens D-500 diffractome- 
ter using SOCABIM DISTRACT-AT software. The diffrac- 
tometer was configured with parallel beam optics (0. lo 
divergence slit, 0.4” receiving Soiler slit) and a Kevex 
solid state energy dispersive detector. X-rays were gen- 
erated from a Cu tube and the detector window was 
tuned to Ka radiation, E = 8.04 keV. 

The MO 321 peaks were fitted using a pseudo-Voigt 
function to accurately determine the Ka, peak posi- 
tions. The X-ray elastic constants used were the average 
of the Voigt and the Reuss values: S, = -0.9799 x 
1O-6 MPa-i, l/2& =4.1798 x 10e6 MPa-‘. Because 
the anisotropy coefficient for MO is small (S, = 0.102 x 
10 - 6 MPa - ‘) [23], the films were assumed to be elasti- 
cally isotropic. 

In each of the seven samples, an in-plane biaxial 
stress state was assumed. Previous studies indicated 
that, in magnetron-sputtered MO films, these stresses 
are not equibiaxial [ 16,241. It has been found that the 

orientation of the film’s substrate to the magnetron 
cathode axis influences the stress magnitude. The regu- 
lar sin’+ technique [25] was employed to evaluate the 
in-plane stresses in directions parallel and perpendicular 
to the cathode’s oval racetrack axis. 

3. Results and discussion 

The dependency of the room-temperature electrical 
resistivity on sputter gas pressure is listed in Table 2 
and graphed in Fig. 2. From an electrical point of view, 
one desires the lowest sheet resistance possible for the 
back contact of a solar cell, minimizing its contribution 
to the series resistance of the cell. For films in our 
study, this is accomplished by sputtering at the lowest 
Ar pressure. (Our gas flow and pressure control was 
not reliable for p < 0.2 mTorr, so we did not attempt to 
sputter films at lower pressures. Moreover our data 
suggested that little improvement in resistivity would be 

Table 2 

Summary of electrical properties, results of adhesion tests, and X-ray 

measurements for sputtered MO films. Listed are the Ar pressure (p); 

electrical properties sheet resistance (r,,,), and resistivity (p); success 

or failure of tape test for adhesion; and GIXRD data in-plane stress 

parallel to (o,,) and normal to (uzz) cathode axis 

Film Electrical 

P 
(mTorr) rsh 

(0 II-‘) Tu*cm) 

0.2 0.2 10.8 

0.5 0.26 12.0 

1.0 0.24 12.5 

2.0 0.25 12.5 

5.0 0.66 33 

10.0 1.44 68 

20.0 4.1 250 

100 

$10 
Q 

- 
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Fig. 2. Graph of the normalized, room-temperature film resistivity. 

p/pt,. versus Ar pressure during sputtering. The curve is a guide to the 

eye. 
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Fig. i. XRD profiles of the I IO reflection for the various films 

(Bragg- Brentano geometry). Curves are normalized to have the same 

area under all peaks, X-ray diffraction measurements were performed 

using Cu Kr radiation. 
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Fig. 4. In-plane stresses plotted against Ar pressure; negative values 

indicate compression while positive values indicate tension. W, stress 

parallel to. and 13 perpendicular to, the cathode axis. The solid 

curves are guides to the eye. Tape test results for adhesion are also 

indicated. 

achieved by sputtering at lower pressures.) Our lowest 
resistivity films, sputtered with p = 0.20 mTorr, had a 
resistivity of 10.5 u0 cm, roughly twice the room-tem- 
perature bulk value, p = 5.4 pR cm. 

The existence of compression at higher pressures, 
seen in our films, is not often reported. Because film 

porosity should increase with sputtering pressure, the 
observed compressive force may be a casual effect asso- 
ciated with impurity absorption on the increased sur- 
face areas of the grains. Compressive forces resulting 

from the incorporation of 0, H, and water vapor have 
previously been reported for a variety of metallic and 
dielectric thin-films [ 18,29,30]. In our case, the impuri- 

ties are believed to be incorporated on the grain surface 
rather than in the bulk due to our efforts in minimizing 
contamination during film growth. 

The results of the X-ray measurements are summa- At first it might appear, when comparing the data 
rized in Table 2 and Figs. 3 and 4. Examples of the shown in Figs. 3 and 4, that there is an increase in grain 
Bragg-Brentano 110 peak profiles are plotted in Fig. 3. size with increasing pressure. For example, films with 
(The curves have been normalized so that the area similar in-plane stress (and its related strain) but differ- 
under each peak is the same.) Attention is drawn to two ent line broadening should exhibit different size grains 
features of these curves. First, the peak for each film is since line broadening is a convolution of both grain size 
shifted slightly (in 20) indicating that the average and root-mean-square strain. Recent results using graz- 
lattice spacing in the direction normal to the plane of ing incidence XRD have identified stress gradients in 
the film varies with sputter pressure. Second, the width the depth direction as another potential cause of line 
(FWHM) of the peak increases with increasing sputter broadening in other sputtered MO films [ 311 at higher 
pressure. This latter effect is associated both with a gas pressures. Deviations from linearity seen in riJz, 
decreasing grain size and with non-uniform strain (i.e. a versus sin’$ plots for our films indeed support the 
distribution of lattice spacing). The strain may vary presence of stress gradients perpendicular to the sub- 
with depth or laterally or both. strate in films sputtered at higher pressures. This could 

The results of the sin2$ measurements are given in 

both Table 2 and Fig. 4. The cross-over from in-plane 

compression to tension, which in our films occurs just 
below 1 mTorr sputtering pressure, is a ubiquitous 
characteristic of sputtered thin-films [ 161. 

Current thinking highlights the importance of film 
microstructure in determining the level of intrinsic 

stress present in polycrystalline thin-films [ 16,26-281. 

When sputtering at high pressures, multiple gas-phase 
collisions reduce the energy of sputtered atoms and 
neutralized gas ions. In addition, the angle at which 
these incident species impact the substrate becomes 

more oblique. The resulting microstructure is character- 
ized by porous columnar grain growth and significant 

intergranular voids. The observed increase in resistivity 
shown in Fig. 2 at higher sputtering pressure is a direct 
result of this sputtering induced porosity. Attractive 

forces (i.e. tensile forces between these grains) are in- 
versely proportional in strength to the intergranular 
spacing. With decreasing pressure and less scattering of 
sputtered species, the films become less porous and 
more tightly packed. This results in both an increase in 
the in-plane tensile stress and a decrease in film resistiv- 
ity. When the intergranular spacing decreases to a point 
where grains begin to touch (about 2 mTorr). compres- 

sive forces associated with atomic peening begin to 
exceed the above-mentioned tensile force. As this com- 

pressive force starts to increase, films exhibit a maxi- 
mum in tensile stress and finally go into compression at 
very low sputtering pressures. 
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explain why two films might have the same average 
level of in-plane stress (as determined by the sin2$ plot 
technique, a stress averaging technique) yet entirely 
different line broadening (due to differences in the stress 
gradient). Gradients may also be present in the in-plane 
directions. 

Other MO film properties that impact solar cell per- 
formance also varied with sputter pressure. In particu- 
lar, the seven films exhibited different degrees of 
adhesion to the soda-lime glass substrates. This was 
immediately evident when as-deposited films were ultra- 
sonically cleaned for less than 1 min in isopropyl alco- 
hol. In some cases, pieces of the MO film flaked off 
during this cleaning process. After cleaning, the degree 
of adhesion was qualitatively assessed using the 
“Scotch-tape test” [32]. Only those films deposited at 
the four highest pressures passed this test. 

These results combined with the X-ray stress measure- 
ments yield an interesting observation. It appears that 
stress, as determined by the conventional sin2$ technique, 
may not be a good indicator of the adhesive quality of 
a polycrystalline thin-film. For example, films deposited 
at either extreme of the pressures investigated in this 
study were compressive in nature and of nearly identical 
magnitude, but were markedly different in regards to their 
adhesion to the glass substrates. The before-mentioned 
presence of stress gradients in our films may affect the 
integrity of the film and play a role in adhesion failure. 

3.1. MO bilayer process 

As our results show, MO films sputtered at a single 
pressure do not simultaneously possess low resistivity 
and good adhesion, both of which are desirable charac- 
teristics for fabricating back contact metallized layers 
for solar cells. In order to circumvent this problem, we 
have since designed an original two-pressure deposition 
scheme in which we first sputter a thin layer of “high- 
pressure” MO to serve as an adhesion layer, followed by 
the deposition of “low-pressure” MO to achieve low 
sheet resistance. 

The procedure for fabricating the MO bilayer was 
similar to that described earlier, except that the Ar 
pressure was varied during the deposition, as shown in 
Fig. 5. Sputtering was begun with the Ar pressure set to 
10 mTorr. 2 min into the deposition, the gate-valve was 
manually opened in steps so as to achieve (nominally) a 
decrease in Ar pressure of 1 mTorr every 6 s, reaching 
a pressure of 1 mTorr after the third minute of deposi- 
tion. The Ar pressure was maintained at 1 mTorr for 
the remainder of the deposition, and the sputter current 
control was adjusted to achieve Z = 1.0 A at this lower 
pressure. This recipe has been used to routinely fabri- 
cate nominally 1.0 urn thick MO films with sheet resis- 
tances in the range 0.12-o. 14 R 0 -’ (i.e. resistivities 
12-14 nfl cm) that pass the tape test for adhesion. 

Fig. 5. Ar pressure versus time during the deposition of the MO 

bilayer. The inset shows the pressure for the first 3 min of deposition. 

15 ,“‘,‘/‘/,“,‘,“I’ 

15 

? I@ 

10 

g 5 

Q 5 $SI~ 0 
0 1 2 3 

o-“““““““““’ 
0 5 10 15 20 

t (min) 

We have fabricated other MO bilayers by varying (a) 
the thicknesses of the high- and low-pressure layers, 
and (b) the value of the Ar pressure during deposition 
of the final, low-resistivity layer. The electrical proper- 
ties of the resulting films are pretty much as expected, 
given their thicknesses and the resistivity values for the 
film layers in Table 1. A study is presently underway to 
investigate how these different MO films hold up to the 
subsequent processing steps involved in fabricating the 
CIS and CIGS solar cells. 

4. Conclusions 

We have investigated the electrical and mechanical 
properties of seven MO films sputtered onto soda-lime 
glass at different Ar pressures. The films investigated 
showed the following characteristics: (1) little change in 
resistivity (about 10 uR cm) from 0.2 to 2 mTorr 
followed by a steady increase above 2 mTorr; (2) films 
prepared at pressures greater than and equal to 2 mTorr 
passed the Scotch-tape adhesion test; (3) average in- 
plane residual stresses are compressive at 0.2 and 
20 mTorr and passed through a maximum tensile value 
at about 2 mTorr, in agreement with Cuthrell et al. [24]. 
The stresses alone do not account for the adhesion 
behavior. 

Finally, aided by the above observations, we have 
fabricated MO bilayer films with the first layer sputtered 
at 10 mTorr and the second layer at 1 mTorr. These 
bilayer films pass the tape-test for adhesion and have low 
resistivities ( 12- 15 uR cm). 
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