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Low contact resistivity of metals on nitrogen-doped cuprous oxide (Cu,0)

thin-films

Sin Cheng Siah,® Yun Seog Lee, Yaron Segal, and Tonio Buonassisi®
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA

(Received 9 July 2012; accepted 12 September 2012; published online 19 October 2012)

Forming low-resistivity contacts on cuprous oxide (Cu,0O) is an essential step toward demonstrating
its suitability as a candidate solar cell material. We measure the contact resistivity of three noble
metals (Au, Ag, and Pd) on sputtered Cu,O thin-films with a range of nitrogen doping levels. Using

2

the circular transmission line model, specific contact resistivity as low as 1.1 x 10~* Q-cm? is
measured for Pd contacts on heavily doped Cu,O films. Temperature-dependent current-voltage
measurements and X-ray photoemission spectroscopy are used to determine the barrier heights
formed at metal/Cu,O interfaces. Thermionic emission is observed to dominate for undoped films,
whilst field emission dominates for heavily doped films, highlighting the importance of carrier
concentration on contact resistivity. Finally, we demonstrate that low contact resistivity can be
achieved on heavily doped Cu,O films using Earth-abundant metals, such as Cu and Ni. © 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4758305]

. INTRODUCTION

Cuprous oxide (Cu,0), a compound semiconductor with
a direct bandgap of 1.9-2.1eV,' is a promising material for
thin-film photovoltaic applications due to its elemental abun-
dance? in the Earth’s crust and non-toxicity. Polycrystalline
Cu,O0 thin-films and wafers have been grown by various tech-
niques, including reactive DC magnetron sputtering,” electro-
chemical deposition,* molecular beam epitaxy,” and thermal
oxidation of Cu metal foils.® To date, conversion efficiencies
of Cu,0O-based solar cells have been low (record efficiency
3.83%)° due to bulk non-radiative recombination,’ recombina-
tion through interface defect states,6 and high series resistance.
A systematic investigation into each loss mechanism is
needed to improve the efficiency of Cu,O-based devices.

Forming low-resistivity ohmic contacts on cuprous ox-
ide (Cu,0) is an essential step to reduce resistive power loss
and enhance device performance of Cu,O-based solar cells.
A contact resistivity (p.) lower than 2 x 107% Q-cm? is
desired for conventional Si-based solar cells.® To form
ohmic contacts on Cu,O, Au has been the material of
choice,6’7 due to its favorably large work function and low
chemical reactivity. However, no contact resistivity meas-
urements of metals on Cu,O films have been reported.

In this work, we measure the p. of metal/Cu,O inter-
face using various metals, including Au, Ag, Pd, Cu, and
Ni. We study the effect of Cu,O doping level on the contact
resistivity and the carrier transport mechanism. The three
noble metal candidates are selected based on their high
work functions (pa,=4.74eV, ¢, =5.31eV, and ¢pq
=5.60eV)’ and low reactivity with Cu,O as determined by
the standard free energies of metal-oxide formation at room
temperature (AGSER = —147.2K3,"0 AGHQ = —82.1kJ,"°
AGHE2 = —10.8 KJ'°, and AGARO > 0). We show that it is

»Author to whom correspondence should be addressed. Electronic mail:
siahsincheng@ gmail.com.
®Electronic mail: buonassisi@mit.edu.

0021-8979/2012/112(8)/084508/5/$30.00

112, 084508-1

possible to obtain p. as low as 1.1x107* Q-cm” on
nitrogen-doped (N-doped) Cu,O films, indicating the impor-
tance of doping to achieve low p.. Finally, we demonstrate
that p. < 107> Q-cm? can be achieved for Earth-abundant
metals, such as Cu and Ni, by forming a tunneling junction
with N-doped Cu,O.

Il. EXPERIMENTAL METHODS

The Cu,O thin-films in this study were grown using re-
active direct-current magnetron sputtering on GE-124 fused
quartz glass substrates. A metallic copper target (99.999%
pure, K. J. Lesker) was sputtered in an argon, oxygen, and
nitrogen ambient. The film’s doping level was controlled by
varying the flow of N, gas between 0 and 4 sccm during the
sputtering process. Film electrical resistivities and hole con-
centrations were characterized by four-point probe and Hall
effect measurements, respectively. X-ray diffraction was
used to confirm that all films contained pure Cu,O phase.
Film thicknesses were determined by cross-sectional scan-
ning electron microscopy. Films’ nitrogen concentrations
were measured using secondary ion mass spectrometry
(SIMS) with a calibration sample prepared by a controlled
amount of nitrogen implantation.

The parameter p. on nominally undoped and N-doped
films was determined using the circular transmission line
model (CTLM).!' The circular transmission line patterns
with inner-outer ring spacings of 4 to 12 um were achieved
by photoresist lift-off of electron-beam-evaporated 100 nm
films of Au, Ag, Pd, Cu, and Ni. The total resistance across
the contact spacing can be expressed by the relation'?

Rs r 1 1
R[:%{ln(’ﬂ_cﬁ+L[<l—ﬂ+’ﬁ_d>}, (1)

where R, is the sheet resistance of the Cu,O film, r is the ra-
dius of the outer circular contact pad, d is the width of the
ring, and L, is the transfer length. Least squares curve fitting

© 2012 American Institute of Physics
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was used to extract the parameters R, and L,; subsequently,
p. can be obtained from the relation'

L= /pc/Rs. 2

X-ray photoemission spectroscopy (XPS) analyses were
conducted on undoped Cu,O films with 1, 2, and 3 nm of me-
tallic overlayers deposited using electron-beam evaporation
at a rate of 0.5 A/s. The XPS measurements were performed
using a monochromated Al-Ko source (photon energy
1486.6eV), and the films were grounded using silver-painted
contacts. We monitored the adventitious C 1s peak to
account for any residual charging. Finally, to elucidate the
electron transport mechanism across the metal/Cu,O inter-
face, temperature-dependent p. measurements were per-
formed on a heated chuck and I-V characteristics were
recorded over the temperature range 280-390 K monitored
externally through a thermocouple.

lll. RESULTS AND DISCUSSION

A. Undoped Cu,O/metal contacts: Schottky barrier
height (SBH) and chemical reactivity

To measure the SBH and investigate the chemical reac-
tivity at the contact between metal and undoped Cu,O, we
performed XPS analysis on undoped Cu,O films covered
with 1, 2, and 3nm of metallic overlayers. Figure 1 shows
the Cu 2p core level signals for the three different metals as
a function of metal film thickness. One observes two distin-
guishing features that set Pd apart from the other metals: (1)
the measured peak intensities for the samples covered in Pd
attenuate more rapidly with increasing thickness compared
to Au and Ag; (2) the Cu 2p core level peak energy shifts to
lower values with increasing Pd thickness. We will return to
these observations after a discussion of Schottky barrier
heights.
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FIG. 1. Cu 2p core level photoemission for (a) Au, (b) Ag, and (c) Pd sam-
ples. A peak shift towards lower binding energies is observed for the Pd
samples, indicating the lowering of the SBH. A high binding energy
shoulder due to CuO can be observed. All spectra have been corrected for
charging by using the adventitious Cls peak.
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FIG. 2. Illustration of method to determine the SBH from the XPS data from
the valence-band spectra (right) and Cu 2p core level spectra (left) of (a)
bare Cu,O film and (b) Cu,O film with 2nm Au overlayer. The Fermi level
is calibrated using the Fermi edge of Au. All spectra have been corrected for
charging by using the adventitious C 1s peak.

By analysing the band bending at the metal/Cu,O inter-
face as illustrated in Fig. 2, the SBH can be determined from
the XPS data using the relation'?

¢y = Eip - [E?p — Evewm], 3)

where Eﬁp is the binding energy of the Cu 2p core level of
Cu,0 film with a metal overlayer, Ei2p is the binding energy
of Cu 2p core level for a bare Cu,O film, and Eygy is the
position of the valence band maximum. All binding energies
are referenced to the Fermi level of the instrument, EFf,
which is calibrated using the Fermi edge of Au. SBH values
obtained by analyzing the 2nm thick overlayer signal are
03*0.1eV,04*0.1eV, and 0.2 £0.1eV for Au, Ag, and
Pd, respectively. The 2nm thick samples are compared, as
the Cu 2p core level signal of the Pd 3 nm sample is too low
to be used for meaningful analysis.

In addition, to obtain the SBH values at metal/Cu,O
interfaces, we also fit the p. vs. temperature curves (Fig. 5)
for the undoped samples using the standard thermionic emis-
sion (TE) model given by®

k q¢
= a7 )

Pe

where k is Boltzmann’s constant, A* is the effective Richard-
son’s constant, 7 is the absolute measurement temperature,
and ¢y, is the SBH. We treat A* and ¢y, as fitting parameters.

The fitted values for SBH are 0.23*£0.01eV,
0.17+=0.01eV, and 0.14 £0.01eV for Au, Ag, and Pd,
respectively.

Table I summarizes the values of SBH obtained using
XPS and CTLM. Both XPS and CTLM methods measure the
lowest SBH for the Pd sample. We believe this is due to
more significant shifting of the Fermi level toward the va-
lence band maximum of Cu,O at the Pd/Cu,O interface.
This effect can be explained from Fig. 1, which shows the
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TABLE I. Comparison of Schottky barrier heights obtained from XPS and
CTLM.

Metal XPS (2nm) [eV] CTLM (100nm) [eV]
Au 0.3+0.1 0.23 = 0.01
Ag 04+0.1 0.17 £0.01
Pd 02+0.1 0.14 = 0.01

Cu 2p core level peak shifting toward lower binding energies
as the thickness of the metal overlayer increases.' Insignifi-
cant peak shifts are observed for both Au and Ag. This results
in the lowest effective SBH for the Pd/Cu,0O structure.

An additional effect may contribute to lowering the Pd-
Cu,0 contact resistivity relative to Ag and Au. In XPS meas-
urements, the core level intensity is observed to attenuate
more strongly with increasing Pd overlayer thickness than ei-
ther Au or Ag. From other studies,15 XPS peak attenuation is
known to depend on overlayer thickness, metal coverage uni-
formity, and photoelectron attenuation length of the over-
layer material. By comparing electron inelastic mean free
paths for Au (16.5 A, 1400eV), Ag (15.2 A, 1100eV), and
Pd (19.6 A, 1100 eV) as calculated by Tanuma et al.,'® one
would expect the Cu 2p core level signal of the Ag and Au
samples to attenuate most rapidly because of electron scatter-
ing. However, the Cu 2p core level peak intensity for the Pd
sample is the lowest despite having the largest electron
inelastic mean free path. This may indicate that Pd wets the
surface more effectively than Au and Ag.

The metal core level peaks for 2 nm overlayer thickness
are shown in Fig. 3. Sharp, well-defined peaks can be
observed for both Au and Ag, indicating that the Au and Ag
are in a metallic chemical state. This is in agreement with
the thermodynamic data mentioned earlier, as Au and Ag ox-
ide formation energies are relatively unfavorable. A high
binding energy shoulder can be observed for the Pd sample,
which we attribute to PdO."” The hypothesized superior wet-

_'Au4);/2 |
Au4f -

/2

Intensity [a.u.]

90 88 86 84 82 376 372 368 344 340 336 332
BE [eV]

FIG. 3. Photoemission from metallic peaks of samples with 2 nm thick (a)
Au, (b) Ag, and (c) Pd overlayers. A high binding energy shoulder due to
PdO can be observed.
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ting characteristics of Pd on Cu,O could be related to the for-
mation of PdO. This observation is consistent with the
findings of Pan et al.'® Tn this case, the formation of interfa-
cial Pd-O bonds might contribute to the reduction of the
overall free energy and promote a Frank-van der Merwe
(layer-by-layer) type growth for Pd.'® The good coverage by
the metal film mediated by interfacial PdO formation may
lead to higher-quality metal/Cu,O junction and lower p. for
undoped Cu,O films. If this interpretation is correct, then
chemical inertness may not be the most important parameter
defining an ideal contact metal for undoped Cu,O.

B. Nitrogen doping reduces metal/Cu,0 contact
resistivity and changes the conduction mechanism

Introducing nitrogen gas during Cu,O film growth is
observed to reduce film electrical resistivity at room temper-
ature.”” An undoped Cu,O film exhibits a resistivity of
56 Q-cm, while N-doped films have resistivities of 4.4 and
0.4 Q-cm for nitrogen concentrations ([N]) 0.6 and 1.2
atomic (at.)%, respectively. From Hall effect measurements,
hole concentrations of undoped and N-doped ([N]=0.6 at.
%) films are measured to be 3.7 x 10%em™  and
1.8 x10%em 2, respectively. Due to a low Hall mobility,
we are unable to accurately measure the hole concentration
of the heavily doped film ([N] = 1.2 at. %).

Figure 4 shows a plot of p. for the three inert contact
metals (Au, Ag, and Pd) and different nitrogen doping den-
sities. It is observed that Pd exhibits the lowest p. on
undoped Cu,O films, while p. as low as 1.1 x 10°* Q- cm?
is obtained on highly doped Cu,0O. While p. can vary over
an order of magnitude on undoped films for the three differ-
ent metals, less variation is observed for doped films.

To gain insight into the conduction mechanism, in Fig. 5
we compare the temperature dependence of p. of Pd for
three different Cu,O nitrogen doping concentrations. For the
highly doped sample, p. shows a weak dependence on the
measurement temperature, whereas p. of the undoped sam-
ple exhibits an Arrhenius-type dependence on temperature.
Similar behavior is observed for Au and Ag samples. This

10-1 T T T T T T T
NE . - == Au
S AN - o= Ag
c s - ¢- Pd
=, N
2107 F RN 1
= N T
_‘z +§\“~-_\\ \\
[72] =~ ~
()] ‘\%\\ N
D: . \\: \\
5 10°F RN 3
m \\:
AN
k= SNy
N
3 3
10'4 | I

00 02 04 06 08 10 12
Nitrogen Concentration [at.%]

FIG. 4. Contact resistivity is plotted against Cu,O nitrogen doping concen-
tration for three contact metals: Au, Ag, and Pd.
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FIG. 5. Contact resistivity as a function of measurement temperature for Pd on
Cu,O with three doping concentrations. Similar behavior (not shown) is also
observed for Au and Ag samples. The solid black line represents a fit to a
thermionic emission model; the dashed red and blue lines are guides to the eye.

indicates that at low doping densities, the dominating con-
duction mechanism is TE. In this regime, p. decreases as
temperature increases and a greater number of electrons pos-
sess sufficient thermal energy to overcome the Schottky bar-
rier at the metal/Cu,O interface.® As doping densities
increase, the Schottky barrier becomes sufficiently narrow
and carrier transport becomes increasingly dominated by
field emission (FE), which is only weakly temperature de-
pendent. To support these observations, we plot the ratio K7/
Eqo as a function of hole densities (p) (Fig. 6). The parameter
Eq is related to the tunneling probability and is defined as

gh | p
Epo = —
00 ) m*s’

®)

where 7 is the reduced Planck’s constant, ¢ is electronic
charge, m* is taken to be 0.58m (Ref. 21) where my is the

40 ML B R R B R B B LR
35

1015 - ”.,.Il016 - “.,.1.817 - “.,‘1.818“ ‘ ?:|019 1020
Carrier Density [cm™]

FIG. 6. Plot of the ratio k7T/Eq, as a function of hole density (p) with
m* =0.58myg and ¢ = 7¢,. The dashed line indicates that the ratio kT/Eyy= 1
and both thermionic emission and field effect processes are comparable. K7/
Eqo for both undoped ([N]=0.0 at. %, p=3.7 x 10" cm™>) and lightly
([N]=0.6 at. %, p=1.8 x 10" cm™3) doped samples are indicated on the
plot.
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FIG. 7. Contact resistivity as a function of measurement temperature for Cu,
Ni, and Pd on highly doped ([N]= 1.2 at. %) samples. The dashed lines are
guides to the eye.

free electron mass, and ¢ is the dielectric constant of Cu,O
taken to be 780.21 In this case, the ratio kT/E is a measure of
the relative contribution of the TE to tunneling process.” It
can be observed from Fig. 6 that for lightly doped Cu,O
(p < 10" em ™), kT/Eqy > 1 and thus, TE is dominant. At in-
termediate doping levels (p ~ 10"®cm ™), kT/Ey ~ 1 and the
carrier transport is in the thermionic field emission regime
where both thermionic and tunneling processes are compara-
ble. Finally, at very high doping levels (p > 10" cm™?), kT/
Ey < 1 and carrier transport is dominated by FE where cur-
rent is carried by holes tunneling across the junction. As such,
the calculated functional dependence of kT/Ey, with p is in
good agreement with the observations made based on the tem-
perature dependence of p..

C. Nitrogen doping enables low-resistivity contact for
Earth-abundant metals

We demonstrate that it is possible to form low resistivity
ohmic contacts to N-doped Cu,O using Cu and Ni, both
Earth-abundant metals. We achieve p. of 9.3 x 10~ and
6.3 10~* Q-cm? for Cu and Ni contacts, respectively, on
Cu,0 doped with [N]=1.2 at. %. Temperature-dependent
TLM measurements (Fig. 7) indicate that p. for both Cu and
Ni on N-doped Cu,O films have weak temperature depend-
ence. This suggests that FE is the dominating carrier trans-
port mechanism across the metal/Cu,O interface, consistent
with observations involving noble metals.

IV. CONCLUSIONS

We examine the doping-level dependence of contact re-
sistance for three noble metals on Cu,O films: Pd, Ag, and
Au. For all metals, we observe an inverse dependence of
contact resistivity on Cu,O nitrogen doping concentration.
At low carrier densities, a TE model describes the interface
charge transport mechanism. At high Cu,O carrier densities,
a FE model accurately describes conduction across the
metal/Cu,O interface, indicating the formation of a tunneling
junction with kT/Eyy < 1. In such samples, p. as low as
1.1 x107* Q-cm? is achieved. Using this approach, we
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showed that it is possible to obtain p.< 107> Q-cm” on
N-doped Cu,O films using Earth-abundant metals, such as
Cu and Ni.

An interesting observation is that Pd is the best candi-
date for forming low-resistivity ohmic contacts on undoped
Cu,0 due to the low effective Schottky barrier height at the
metal/Cu,O interface. XPS measurements suggest that the
good electrical contact of Pd on undoped Cu,O may be due
to the formation of an interfacial PdO layer that aids in the
wetting of the Cu,O surface, and bending of the Cu,0O va-
lence band maximum toward the metal Fermi energy at the
Pd/Cu,0 interface as observed from the shift in the Cu 2p
core levels. Further work may elucidate the degree to which
the best candidate contact metals on lowly doped substrates
may be predicted not solely on the basis of work function,
but on the basis of a complex interrelationship between
chemical inertness, wettability, stress, chemical potential,
and semiconductor free carrier density, among other
parameters.
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