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ABSTRACT

We report the results of metal contact resistance, RC, to Nd-doped n-type SrSnO3 films grown by radical-based hybrid molecular beam epi-
taxy. Sc, Mn, Ti, Al, and Cr contact layers were deposited onto heavily doped SrSnO3 thin films. With no annealing, Al and Cr contacts were
found to be highly resistive, while Sc, Mn, and Ti were more conductive, with Mn having the lowest RC of 116 3 X-mm, immediately after
liftoff. After Al2O3 passivation at 200 �C, Sc, Mn, and Ti contacts all showed Ohmic behavior, with Ti contacts having RC¼ 2.46 0.3 X-mm
and a resultant sheet resistance, RS, of 1.666 0.07 kX/�. Specific contact resistivity, qC, values of 0.03, 0.2, and 0.5 mX-cm2 were determined
for Ti, Sc, and Mn, respectively. Annealing at 300 �C did not result in any significant change in RC. An additional study was performed using
Ti-contacts on bi-layer films consisting of a heavily doped cap layer grown on a moderately doped active layer. It was found that the RC (qC)
of Ti metal to the bi-layer films was �1 (2) order(s) of magnitude lower than on single-layer controls. Temperature-dependent analysis was
used to extract the barrier height and doping effect for annealed Ti contacts. This work is an important step in evaluating SrSnO3 for use in
high-performance and transparent electronic applications.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0027470

Ultra-wide gap (UWG) semiconductors with the bandgap, EG, in
the range of 4–6 eV can offer significant device performance improve-
ments over their narrow-gap counterparts in high-power electronics
and provide new opportunities for use in deep-UV optoelectronics and
extreme-environment applications.1 Perovskite stannates, including
BaSnO3, SrSnO3, and CaSnO3, are emerging wide gap semiconduc-
tors that are capable of high mobilities at unusually high carrier con-
centrations owing to their relatively high dielectric constant, low
phonon scattering, and light electron effective mass.2–4 SrSnO3 (SSO),
which has an EG in the range of 4–5 eV (Refs. 5–8), could offer partic-
ular advantages over other UWG semiconductors including a wide
range of heterostructure opportunities that can provide band
offsets> 2 eV and potential for integration with other functional per-
ovskites.2,8 High-quality epitaxial SSO films have been grown using
radical-based hybrid molecular-beam epitaxy (MBE),9–11 and field
effect transistors (FETs) with promising performance have recently
been demonstrated.12–14 Early reports on SSO MESFETs with Sc con-
tacts showed high contact resistance, RC,

12 and while improved con-
tacts to SSO using Ti metallization were recently reported,13 a
comprehensive study of contacts to SSO has not been performed.

Here, we report a systematic study of metallization and annealing
on the performance of contacts to heavily doped SSO. We attempt to
exploit one of the key features of SSO that this material can achieve
very high doping levels above 1020 cm�3 while still maintaining rela-
tively high carrier mobility. These properties can be exploited to pro-
duce low RC, particularly if combined with the use of a low-work
function metal to produce tunneling band edge contacts. The low
effective mass in SSO of�0.3–0.4m0 further allows for high tunneling
probabilities and thus lower RC.

10 Here, we report the results of con-
tact work function engineering on Nd-doped n-type SSO thin films.
We found that Ti contacts had the lowest RC and specific contact resis-
tivity, qC, after annealing, with values as low as 2.4 X-mm and 0.03
mX-cm2, respectively. To demonstrate the dependence of RC and qC
on doping, results of Ti contacts on bi-layer films with a heavily doped
cap layer are also reported.

Using a procedure similar to that described in Refs. 9–11 and 15,
all films used were grown by radical-based hybrid MBE on insulating
GdScO3 (GSO) substrates. Sn is supplied via a chemical precursor hex-
amethylditin (HMDT) whose volatility and high reactivity help to
achieve an adsorption-controlled growth regime and stoichiometric
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SSO films.9 Nd was utilized as the n-type dopant and was supplied
using an effusion cell for all the films. The details of the growth beyond
the summary provided here can be found elsewhere.9,10 One set of
films utilized here consisted of a 10-nm-thick undoped SSO buffer
layer, followed by a 26-nm-thick Nd-doped SSO active layer. The dop-
ing was controlled by setting the Nd effusion cell temperature, TNd, to
940 �C. Van der Pauw measurements performed on the as-grown
films yielded a high carrier concentration of 3.5� 1019 cm�3, a room-
temperature Hall mobility, l¼ 37 cm2/V s, and a sheet resistance,
RS¼ 1874 X/�, at room temperature. From here on, this film will be
referred to as “SSO_Heavy” [Fig. 1(a)]. The bi-layer sample used in
the additional contact experiment consisted of a 10-nm-thick undoped
SSO buffer layer, a 26-nm-thick Nd-doped SSO layer grown using
TNd¼ 915 �C, and a 9-nm-thick Nd-doped SSO cap layer grown with
the TNd¼ 950 �C. The single-layer film, used as a control sample, was
grown using the exact same conditions as in the bi-layer sample but
was grown without the heavily doped cap layer. The single- and bi-
layer films will be referred to as “SSO_Control” [Fig. 1(b)] and
“SSO_Bilayer” [Fig. 1(c)], respectively. While the as-grown properties
of SSO_Bilayer were not independently measured, SSO_Control was
found to have a carrier concentration of 2.3� 1019 cm�3, l¼ 28 cm2/
V s, and RS¼ 3845 X/�. The films were characterized by high-
resolution x-ray diffraction (HR-XRD) and the results are summarized
in Figs. 1(d)–1(f). The coupled scans show an out-of-plane pseudocu-
bic lattice parameter of apc¼ 4.1106 0.006 Å, consistent with a mostly
coherent film with the strain-stabilized tetragonal phase of SrSnO3.

9 A
small shoulder at higher 2h represents a small volume fraction of the
room-temperature orthorhombic phase.

In order to measure RC, transfer-length method (TLM) structures
were fabricated on the SSO_Heavy sample and measured. The
detailed fabrication sequence is provided in the supporting material.
The TLMs utilized standard mesa isolation defined using reactive ion
etching (RIE). Various different metals with low work function, UM,
were analyzed including Sc (UM¼ 3.7 eV), Mn (UM¼ 4.1 eV), and Ti
(UM¼ 4.3 eV). For the TLMs fabricated on the SSO_Bilayer and
SSO_Control samples, the fabrication procedure was similar, except
that after SSO_Bilayer mesa formation, a recess etch using RIE was
performed in order to partially remove the heavily doped cap layer.
On the SSO_Bilayer and SSO_Control samples, only TLMs with Ti
contacts were studied.

The annealing sequence was also different for the two sample
sets. For SSO_Heavy, after contact formation, the samples were imme-
diately passivated using atomic layer deposition (ALD) of Al2O3 at
200 �C. After electrical characterization, a subsequent 300 �C anneal
was also performed. For SSO_Bilayer and SSO_Control, after contact
metallization, the samples were annealed at successively increasing
temperatures, up to 300 �C in forming gas. After these annealing steps,
ALD passivation with Al2O3 at 200 �C was performed. Figures
1(g)–1(i) show cross-sectional schematics of the final TLM structures
for all three epi-layer samples after fabrication.

Figure 2(a) shows an optical micrograph of the TLM structures
fabricated on the SSO_Heavy film. The current vs voltage curves
obtained from the TLM structures based on Ti-, Mn-, and Sc-contacts
are shown in Figs. 2(b), 2(c), and 2(d), respectively. All three contact
metals show Ohmic behavior. These measurements were obtained
after ALD Al2O3 deposition, which was an �1h long process while

FIG. 1. (a)–(c) show the layer stacks and thicknesses for films (a) SSO_Heavy, (b) SSO_Control, and (c) SSO_Bilayer. (d)–(f) XRD specular coupled scans for films (d)
SSO_Heavy, (e) SSO_Control, and (f) SSO_Bilayer. (g)–(i) Schematics showing the layers after fabrication of the TLM structures for (g) SSO_Heavy, (h) SSO_Control, and (i)
SSO_Bilayer. Sc, Mn, or Ti contacts were used on SSO_Heavy, whereas only Ti contacts were used on the other two films. The temperatures indicated in the plots represent
the Nd effusion cell temperature during growth in units of �C.
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the substrate was continuously heated at 200 �C. Thus, the ALD depo-
sition can be considered as an annealing process, as well as a passiv-
ation step. Ohmic contacts based on Cr and Al were also explored in
separate experiments and were found to be highly resistive when mea-
sured at room temperature without any passivation (Fig. S1). Based on
prior results,12 the Sc contacts are not expected to show Ohmic behav-
ior when measured at room temperature before any annealing. Other
experiments showed that Ti contacts also tend to produce high and
variable resistances when measured before annealing (Fig. S2). These
results support the hypothesis that the ALD step not only passivates
but also anneals the contacts.

To extract the RC values and transfer lengths, LT, width-normal-
ized resistances were determined from current-voltage measurements
performed for different contact spacings. This procedure was per-
formed immediately after metal liftoff, after the 200 �C Al2O3 passiv-
ation step, and finally, after the subsequent 300 �C forming gas anneal.
Initially, after liftoff, only the Mn-contacted sample had linear contacts
(which had RC¼ 116 3 X-mm), while Ti and Sc produced very high-
resistance, non-linear contacts. After the 200 �C Al2O3 deposition,
however, all three metals produced Ohmic contacts, which allowed
extraction of the contact resistance. The results after the 200 �C
ALD deposition and after subsequent 300 �C annealing are shown in
Figs. 3(a) and 3(b), respectively.

The corresponding RC, RS, LT, and qC values extracted from the
data in Fig. 3 for all three metals are summarized in Table S1. The RS
values are lower than, but close to, those obtained from as-grown film
values based upon van der Pauw measurements. The small reduction
in RS could be due to passivation of surface states by the Al2O3, which
would make more carriers available in the channel. The Ti contacts
providing the lowest RC as well as the least variability and subsequent
annealing at 300 �C did not provide substantial improvement. The
minimum RC obtained for Ti contacts is a �15� improvement over
the previous value obtained using Sc contacts,12 while the Sc contacts

used in this work registered a�5� improvement compared to Ref. 12,
which we attribute to the reduced atmospheric degradation as a result
of the protective passivation layer. The Ti contacts with RC¼ 2.46 0.3
X-mm also displayed the lowest extrapolation error, suggesting that Ti
produces the most consistent contacts of the metals evaluated.
Additional studies are needed to understand the reasons for the supe-
rior performance of the Ti metallization. The value of qC was calcu-
lated for the three metals using the LT values obtained from the
x-intercepts in Fig. 3. The smaller LT of 1.4lm obtained for the Ti-
contacts indicates that these contacts are far superior in comparison to
the Sc- and Mn-contacts. (For the Mn-contacts, because the extracted
transfer length was greater than the contact width itself, the contact
width of 5lm was used for the qC extraction.) qC values as low as
346 6 lX–cm2 were obtained for Ti-contacts, which is �14� and
�5� improvement over Mn- and Sc-contacts, respectively.

In order to evaluate the effect of doping on RC, Ti-contacts on
SSO_Bilayer and SSO_Control films were compared. As explained
earlier, the SSO_Control film does not have a heavily doped cap layer,
while the SSO_Bilayer film has a heavily doped cap layer on top of an
active layer with the same doping as in SSO_Control. For the
SSO_Control and SSO_Bilayer films, annealing up to 300 �C was per-
formed without passivation and then both the films were passivated
with ALD Al2O3. The ALD passivation was performed after the
300 �C annealing step because the Ti-contacts showed less degradation
in atmosphere compared to the Sc contacts based on our prior experi-
ence. A comparison of the TLM data obtained on the two films after

FIG. 2. (a) Optical micrograph of the TLM structure fabricated on SSO_Heavy sam-
ple with a contact finger width of 5lm. (b)–(d) Current vs voltage curves obtained
from TLM structures for Ti, Mn, and Sc metal contacts, respectively. The curves
corresponding to (b) Ti contacts, (c) Mn contacts, and (d) Sc contacts, after ALD
passivation at 200 �C.

FIG. 3. Contact resistance extraction for Sc-, Mn-, and Ti-contacts on SSO_Heavy
samples after (a) ALD passivation at 200 �C and (b) and additional 300 �C forming
gas anneal.
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300 �C annealing and after the subsequent ALD passivation is shown
in Fig. 4. Clearly, the SSO_Bilayer sample provides much lower resis-
tance at each spacing length. The extracted RC, RS, qC, and LT values
obtained on the two films are summarized in Table S2. The error bars
for the data obtained on SSO_Bilayer are high partly because the actual
RC values are very small. Despite the error bar, the improvement
offered by the bi-layer structure is obvious from Fig. 4 and the data in
Table S2. The low qC values are promising for the use of heavily doped
SSO for future transistor applications.

The dependence of contact resistance on annealing temperature
(prior to passivation) for the Ti contacts on SSO_Control and
SSO_Bilayer was also studied (Fig. S3). The contacts on both samples
were found to be highly resistive after 150 �C annealing. The contacts
on the SSO_Films transitioned to low resistance after 225 �C anneal-
ing, while the SSO_Bilayer films improved only after the 300 �C
anneal. We suspect that an insulating barrier at the metal/SSO inter-
face could be the reason for the much higher contact resistivity before
annealing,11 though further studies are needed to understand the pre-
cise nature of the metal–SSO interface.

Finally, to evaluate whether the extracted specific contact resistiv-
ities agree with expectations, we have performed temperature-
dependent TLM experiments combined with theoretical modeling.
Full details are provided in the Supporting Information. The extracted
qC vs T results are summarized in Table S3 for both SSO_Bilayer and
SSO_Control. The contact resistance for SSO_Bilayer remains within
the noise floor down to 77K. However, for SSO_Control, both RC and

qC increase weakly with decreasing temperature, suggesting a process
primarily dominated by field emission (FE), though with some degree
of thermally activated transport.

In order to better quantify the Schottky barrier properties for
SSO_Control, we modeled the contacts to the single-layer films using
standard Schottky barrier theory.16 Here, the electron current density,
J, was obtained from

J ¼ A�T
k

ð1
ECS

T Eð Þ ln 1þ fSð Þ
ln 1þ fMð Þ dE; (1)

where A� is the modified Richardson constant, T is the temperature, k
is Boltzmann constant, T(E) is the energy-dependent transmission
probability, fM and fS are the Maxwellian distribution functions at the
metal contact and in the SSO, respectively, and ECS is the minimum
conduction band energy in the SSO. Nilsson’s approximation was
used to determine the Fermi-level position in the degenerately doped
SSO,17 and image force barrier lowering was taken into account.

The value of T(E) was calculated using the
Wentzel–Kramers–Brillouin (WKB) approximation:

T Eð Þ ¼ exp �2
ðxmax

0
j Eð Þ � dx

� �
; for E < EC xð Þ; (2)

where x is the distance into the SSO from the metal interface, j(E) is
the wave number, and xmax is the end point for the tunneling integra-
tion. j(E) was calculated using

j Eð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m� EC xð Þ � Eð Þ

p
�h

; (3)

where EC(x) � E is the energy below the conduction band edge, m� is
the electron effective mass, and ¯ is the reduced Planck’s constant. A
parabolic profile was assumed for EC(x). A dielectric constant, KS, of
17.8 for SSO was used,18 while m� was assumed to be 0.35m0.

10

Finally, qC was calculated as the inverse derivative of J vs V at V¼ 0,
where V is the applied bias.

Figure 5 shows a plot of qC vs T for SSO_Control, comparing the
experimental results with our theoretical model. An optimization was
performed to determine the values of the Schottky barrier height, UB,
and doping concentration, ND, that best fit the data. The optimization
results show a doping concentration of 5.8� 1019 cm�3 and a barrier
height, UB, of 0.76 eV. The barrier height value indicates that some
degree of Fermi-level pinning occurs at the Ti/SSO interface, since this
value is higher than the 0.30 eV expected based upon a 4.3 eV work
function for Ti and a 4.00 eV electron affinity for SSO.19 However, this
value is comparable with UB values obtained for Ti and TiS2 contacts
on Si.20 The extracted doping concentration of 5.8� 1019 cm�3 in the
model was necessary to account for the weak temperature-
dependence, which cannot be explained with lower doping levels.
(Figure S4 shows simulation results for values of ND and UB.) This
result suggests that the carrier concentration beneath the contacts
increases, possibly due to oxygen vacancy formation after annealing,
though additional studies are needed to fully understand this behavior.

The smallest qC values reported here for SSO are still higher by
�1 order of magnitude (�3 orders of magnitude) than those reported
on GaN21 for a doping of 6� 1017 cm�3 (1020 cm�3), suggesting that
further optimization is needed to be competitive with this more
mature semiconductor technology. The qC value of 0.0016 0.002
mX-cm2 obtained on the SSO_Bilayer film, despite the large error bar,

FIG. 4. Contact resistance extraction for Ti-contacts on SSO_Bilayer and
SSO_Control samples obtained after (a) 300 �C anneal and (b) subsequent ALD
passivation.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 118, 142104 (2021); doi: 10.1063/5.0027470 118, 142104-4

Published under license by AIP Publishing

https://scitation.org/journal/apl


has a worst-case value of 3 lX-cm2, which is within the same order of
magnitude as those reported on b-Ga2O3

22 at a doping of
5� 1019 cm�3. Lower EG intermediate layers, such as indium tin oxide
(ITO), have also been deposited on emerging UWG semiconductors,
such as b-Ga2O3

23 and AlGaN24 via sputtering to achieve similar qC
values to those reported on SSO in this work. A similar approach may
also be used for SSO by growing an epitaxial (or sputtered) BaSnO3 on
top of SSO in order to exploit the higher achievable doping and con-
ductivity in BaSnO3 to further reduce RC and qC.

25,26

In conclusion, we have performed an analysis of metal contact
resistance to Nd-doped SrSnO3 thin films grown by MBE. Ti contacts
were found to provide the best overall performance with Ohmic
behavior and low variability. Contact resistance and specific contact
resistivity values as low as 2.46 0.3 X-mm and 0.03 mX-cm2, after
ALD Al2O3 passivation at 200 �C, were extracted for Ti contacts to
SSO with 2.3� 1019 cm�3 donor density. Subsequent annealing at
300 �C did not result in any significant change in the contact resis-
tance. Temperature-dependent analysis of Ti contacts to lighter-doped
device samples indicates that the contact resistance is dominated by
field emission. The heavily doped bi-layer device samples have suffi-
ciently low contact resistance to be within the error of the measure-
ment, but the worst-case values are comparable with other UWG
semiconductors. This work is an important step for evaluating SrSnO3

for electronic device applications, including high-performance and
transparent electronics, and may help attain lower contact resistances.

See the supplementary material for detailed process flow, TLM
results before annealing, contact resistance summary tables, and addi-
tional data on theoretical model fitting results.
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