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ABSTRACT
GeSn films were simultaneously deposited on Si(100), Si (111), c-plane sapphire (Al2O3), and fused silica substrates to investigate the
impact of the substrate on the resulting GeSn film.The electronic,structural,and opticalproperties ofthese films were characterized by
temperature-dependent Hall-effect measurements,x-ray diffractometry,secondary ion mass spectrometry,and variable angle spectroscopic
ellipsometry.All films were polycrystalline with varying degrees oftexturing. The film on Si (100) contained only GeSn (100) grains,
40.4 nm in diameter.The film deposited on Si(111) contained primarily GeSn (111) grains,36.4 nm in diameter.Both films deposited on
silicon substrates were fully relaxed.The layer deposited on Al2O3 contained primarily GeSn (111) grains,41.3 nm in diameter.The film
deposited on fused silica was not textured,and the average grain size was 35.0 nm.All films contained ∼5.6 at. % Sn throughout the layer,
except for the film deposited on Al2O3, which contained 7.5% Sn.The films deposited on Si(111),Al2O3, and fused silica exhibit p-type
conduction over the entire temperature range, 10–325 K, while the layer deposited on the Si (100) substrate shows a mixed conduction tran-
sition from p-type at low temperature to n-type above 220 K.From ∼175 to 260 K,both holes and electrons contribute to conduction.
Texturing of the GeSn film on Si(100) was the only characteristic that set this film apart from the other three films,suggesting that some-
thing related to GeSn (100) crystal orientation causes this transition from p- to n-type conduction.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0003689

I. INTRODUCTION
Development of GeSn alloys for optoelectronic applications in

the midwave infrared (MWIR) spectralrange has progressed sub-
stantially over the last decade.Emitters and detectorsbased on
GeSn have been demonstrated,including light emitting diodes1–4

(LEDs),optically5–8 and electrically9–11 pumped lasers,as well as
p–i–n photodiodes12–16 and prototype arrays,17,18 respectively.
These efforts are motivated by the fact that for Sn concentrations
exceeding 6%–7% (depending on strain in the material),GeSn has
a direct bandgap,19–23 making both emission and detection pro-
cesses more efficient.Transistors have also been fabricated24–27 to

take advantage ofthe higher carrier mobilities seen in GeSn28,29

compared to Si-based devices.
Continued developmentof this technology faces two signifi-

cant challenges:(i) the limited thermodynamic solubility30 of Sn in
Ge,which is less than 1 at. % at room temperature and (ii) the large
lattice mismatch between GeSn films and Sior Ge substrates,which
induces misfit and other dislocations to relieve the generated strain. To
address the first of these challenges,low-temperature,nonequilibrium
growth techniques such as molecular beam epitaxy31–34(MBE), chem-
ical vapor deposition35–38(CVD), remote plasma-enhanced CVD39,40

(RPECVD),and other more unconventionalapproaches41–43 have
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been successfully implemented.To overcome the second challenge,
thick Ge buffer layers44,45(also referred to as Ge “virtual substrates”)
or graded buffers46 are frequently introduced between the GeSn layer
and the Si substrate to reduce the lattice mismatch.

The most common substrateused for deposition of GeSn
films is Si (100) because ofthe availability ofcheap,large format
substrates and a mature commercial-support infrastructure.It also
offers the potential for monolithic integration with readout and
control circuitry. Other common, low-cost substrates,such as
Al2O3 and fused silica, are also useful for processdevelopment
experimentsor for applicationsthat require electrical isolation,
but they have been studied far less.There have been limited reports
of GeSn growth on Si (111) substrates,27,38,47–49as well as on
Al2O3.50

Most of our work developing RPECVD GeSn deposition pro-
cesses39,40have been performed using Si(100) substrates.We have
used temperature-dependentHall-effect (TDH) measurements to
investigate carrierconcentrationsand mobilities in some of the
resulting GeSn films.The TDH analyses ofthese films show that
holes dominate conduction at low temperatureswhile electrons
dominate conduction at higher temperatures.These TDH observa-
tions have been consistent,independentof processing conditions,
for GeSn films deposited on Si (100) substrates.

In this work, we use GeSn films simultaneously deposited via
RPECVD on four different substrates,Si (100), Si (111), fused
silicon,and sapphire,to investigate the observed p- to n-type con-
duction transition. Carrier concentrationsand mobilities were
determined using TDH while the structural and optical properties
of these films were characterized using secondary ion mass spec-
troscopy (SIMS), variable angle spectroscopic ellipsometry
(VASE),atomic force microscopy (AFM),and x-ray diffractome-
try (XRD).

II. EXPERIMENTAL DETAILS
Two-inch diameter wafers of Si(100),Si (111),c-plane Al2O3,

and fused silica were cleaved into quarters.One quarter of each
substrate was cleaned,placed on a single 2-in.diameter stainless
steel sample holder, and immediately loaded into a custom-
designed RPECVD reactor.40 The silicon substrates were cleaned
with a 1-min dilute HF etch,while a 10-min ozone treatment was
used to clean the Al2O3 and fused silica substrates.The RPECVD
process used 6% GeH4 in He as the Ge source while Sn was sup-
plied from liquid SnCl4 in a bubbler using He as the carrier gas.A
remote He plasma was excited via an inductively coupled quartz
plasma tube mounted on top ofthe reactor chamber.A chamber
pressureof 550 mTorr and a constant substratetemperatureof
360 °C were maintained throughout the deposition. Additional
details about the deposition process and equipment have been pre-
viously reported.39,40

TDH was measuredusing a LakeShore7505 system on
approximately 1× 1 cm2 van der Pauw structureswith soldered
indium contacts on the corners.Data were collected from 10 to
325 K using a 10 kG magnetic field.

X-ray diffractometry was performed using a PANalytical
Empyrean x-ray diffractometer equipped with a copper source with
0.5° exit slit and a hybrid monochromator.Diffracted Cu Kα1 x

rays were collected with a PIXcel3D hybrid array detector with an
automatic receiving slit and Soller slits. 2θ–ω line scanswere
acquired around the (004) reflection using the scanning line mode.
Strain in films deposited on Si(100) and Si(111) were investigated
using (!2!24) and (224) reciprocalspace maps (RSM),respectively,
collected in the static line mode.

Film composition was determined using SIMS performed by
Evans AnalyticalGroup.Film thickness and opticalcharacteristics
were determined via VASE analyses performed on a JA Woollam
RC2 multichannel,dual rotating compensator ellipsometer.Data
were collected from 210 to 2500 nm at angles of 55°,60°,65°,70°,
and 75°.

III. RESULTS AND DISCUSSION
Figure 1 presents results of the TDH measurements. Figure 1(a)

shows resistivity versus temperature for the GeSn films deposited on
each of the four substrates.Note that resistivities of the films depos-
ited on Si (111), fused silica,and sapphire alldecrease smoothly
with increasing temperature.The resistivity of the GeSn film on
fused silica decreased by 50% (from 0.1 to 0.05 Ω cm),while the
resistivity curves of the films deposited on sapphire and Si(111) are
very similar,each decreasing by 25% (from 0.06 to 0.045 Ω cm).A
much larger,95% (0.16 to 0.009 Ω cm),decrease in resistivity occurs
for the GeSn film deposited on Si(100),with a sharp drop seen
between 175 and 260 K.

Figure 1(b) plots the carrier concentrations and mobilities for
GeSn films deposited on Si(111), fused silica,and sapphire sub-
strates.These values were determined using a single-band analy-
sis,51 where conduction is dominated by either holes or electrons,
as described by Eqs. (1)–(3),

RH ¼ "
1
qn

(n-type) or RH ¼
1
qp

(p-type), (1)

ρ ¼
1

qnμn
(n-type) or ρ ¼

1
qpμp

(p-type), (2)

μ ¼
RH

ρ
, (3)

where q is the magnitude ofelectric charge,n and p are carrier
concentrations,and μn and μp are carrier mobilities.The sign of
the Hall coefficient indicates the dominant carrier type,holes for
RH > 0 and electrons for RH < 0. The Hall coefficients for the
GeSn films deposited on Si(111), fused silica,and sapphire sub-
strates films were allpositive over the entire temperature range,
indicating p-type conduction. The averagehole concentrations
were 5 × 1018, 3.6 × 1018, and 2.9 × 1018cm−3 for the films depos-
ited on fused silica, sapphire,and Si (111), respectively.Carrier
mobilities had the opposite trend,with the GeSn layer on Si(111)
having the highest average value,49.4 cm2V−1 s−1, followed by
that on sapphire, 37.6 cm2V−1 s−1, and on fused silica,
17.8 cm2V−1 s−1.

The Hall carrier concentration and mobility curves,assuming
single-band conduction,for GeSn on Si (100) are plotted in
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Fig. 1(c). The sign of the Hallcoefficient changes from positive to
negative at a temperature between 220 and 225 K,indicating a
mixed conduction transition.The impact of this multiband con-
duction is observed in a region on both sides of this p- to n-type
transition, depicted by the gray box in Fig. 1(c). Note that the
sharp decrease in resistivity ofthis film [Fig. 1(a)] also occurs in

this temperature range.Neither holes nor electrons dominate the
conduction in this region,and thus,the plotted concentration and
mobility values determined using single-band analysis are not accu-
rate.The apparent sharp rise in carrier concentration in this region
is due to the use of a single-band conduction model [Eq.(1)] since
RH must pass through zero when going from positive to negative.
Carrier concentration is inversely proportionalto RH and, thus,
appears to rise sharply in the mixed conduction transition region.
Likewise,the apparent rapid decrease in mobility seen between 175
and 260 K [Fig. 1(c)] is the result of the single-band analysis
because mobility is proportionalto RH [Eq. (3)]. A two-band con-
duction model,51 Eqs.(4) and (5),must be used to more accurately
determine the carrier concentrations and mobilities in the mixed-
conduction region

ρ ¼
1

q(nμn þ pμp)
, (4)

RH ¼
"nμ 2

n þ pμ2
p

q(nμn þ pμp)
2 : (5)

However, a basic TDH measurement does not provide
enough data to determine the hole and electron concentrations
and their mobilities from these equations.Carrier concentrations
and mobilities for the GeSn sample deposited on the Si(100) sub-
strate were relatively constantoutside the transition region.Hole
concentrations ranged from 7.8 × 1017 to 1.0 × 1018cm−3 with an
average mobility of 50.4 cm2V−1 s−1 at temperatures far below the
transition region, while electron concentrations ranged from
5.1 × 1017 to 7.0 × 1017cm−3 with an average mobility of
1200 cm2V−1 s−1 at higher temperatures.It is important to note
that mobility plays a larger role than carrier concentration in deter-
mining the sign of RH [Eq. (5)]. If the electron mobility is much
larger than the hole mobility (as is the case here),the electron con-
centration can be orders of magnitude lower than the hole concen-
tration and still dominate the conduction.There also appear to be
indications of mixed conduction near 30 K;however,the contribu-
tion from electrons is not large enough to change the sign of RH in
this region.

Figure 2 presents SIMS depth profiles thatwere acquired to
compare the compositionsof the films deposited on the four
substrates.To see the smallerSn and O signals in each profile,
the germanium signalhas been divided by two.The Sn concen-
tration in the bulk of each film is relatively constant.The GeSn
films deposited on Si(100), Si (111), and fused silica allcontain
between 5.5 to 5.7 at. %,determined by averaging the Sn compo-
sition values measured at depths between 100 and 350 nm in the
film. The film deposited on sapphire, however,had an average
tin composition of 7.5 at. %.It is unclear what causesthis
increased levelof Sn incorporation,especially considering allsub-
strates were positioned on the same carrier and experienced the
same deposition process.However,we have previously observed
similar increased levels ofSn incorporation in films deposited on
sapphire compared to films deposited on Si, in separate runs,
using identical processconditions. It is possible thatdifferences

FIG.1. Temperature-dependentresistivity,carrierconcentration,and mobility
curves determined assuming single-band conduction.(a)Resistivity vs sample
temperature for GeSn films on Si(100), Si(111), fused silica, and sapphire sub-
strates.(b) Hole concentration (filled symbols)and mobility (open symbols)in
films on Si(111),fused silica,and sapphire substrates.(c) Carrier concentration
(filled symbols) and mobilities (open symbols) in a film on a Si(100) substrate.
Regions ofp- and n-type conduction are determined by the sign ofthe Hall
coefficient.The shadedarea showsthe approximatetemperaturerange
impacted by mixed band conduction.
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in thermal conductivity and radiative losses for the different sub-
strates result in slightly different surface temperatures,which
could affect the incorporation of Sn.

VASE was used to determine the thicknesses of the deposited
films and to qualitatively compare their crystallinities.A two-step
process was used to analyze the VASE data.First, film thickness
and surface roughness were determined by fitting a modelconsist-
ing of a substrate with a GeSn layer and a surface roughness layer
to the ellipsometry data.The pseudodielectric function was then
obtained by fixing the thickness and surface roughness values and
fitting a B-spline function with nodes every 0.05 eV to the data.
Results of these analyses are provided in Table I and Fig.3. Table I
contains film thickness and surface roughnessdetermined from

FIG.3. Imaginary part ofpseudodielectric functions determined by VASE analy-
ses ofRPECVD films.(a)Results from an ≈1000 nm thick Ge film deposited
on Si (100)for reference.Interference fringes are used to determine the film
thickness.Criticalpoints in the Ge band structure (E1, E1+ Δ1, E0

0, and E2) are
shown.(b) Results from GeSn films deposited on Si(100)and Si(111).(c)
Results from GeSn films deposited on fused silica and sapphire.Plots in (b)
and (c)have been scaled to highlightthe shape ofthe pseudodielectric func-
tions above the interference fringes.

FIG. 2.SIMS depth profiles ofGeSn films deposited simultaneously on different
substrates.Note thatthe Ge signalhas been divided by 2 to make the Sn and
O signals more visible.(a) Si (100).Average Sn content≈5.7 at. %,(b) Si
(111).Average Sn content≈5.5 at. %,(c) Fused silica.Average Sn content
≈5.5 at. %,and (d) sapphire.Average Sn content≈7.5 at. %.Stated Sn content
is the average content between depths of 100 and 350 nm in each film.

TABLE I.GeSn film thickness and surface roughness determined from VASE analy-
ses and AFM RMS roughness.Films were deposited simultaneously on four differ-
entsubstrates.

Substrate
Thickness

(nm)
VASE surface

roughness (nm)
AFM RMS

roughness (nm)

Si (100) 398 13.8 12.6
Si (111) 425 14.7 10
Fused silica 467 19.5 9.2
Al2O3 466 9.4 9.3
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VASE analyses as well as root mean square (RMS) roughness deter-
mined from 10 × 10 μm2 AFM images (Fig. S2 in the
supplementary material).

Figure 3(a) plots the imaginary part of the pseudodielectric
function for a pure germanium film deposited on a Si(100) sub-
strate in our RPECVD system. Interference between photons
reflecting off the Ge/Si interface and off the film’s surface form the
fringes observed below ∼1.8 eV. These fringes are used to

determine the film thickness.Photons with energies above ∼2 eV
do not penetrate through the entire film thickness due to the
energy dependence ofthe absorption coefficient.Therefore,the
spectrum at energies above ∼2 eV provides information about the
dielectric function of just the film, not the underlying substrate.
The energies E1, E1 + Δ1, E0

0, and E2 are energy levels ofcritical
transitions in the germanium band structure.The appearance of
these peaks and shoulders in the dielectric function is an indica-
tion of good crystallinity.The shapes of the dielectric functions of
Ge and GeSn are similar for the relatively low level of Sn incorpo-
ration in these samples.Figure 3(b) compares the imaginary part
of pseudodielectric functionsfrom GeSn films deposited on Si
(100) and Si(111),while Fig.3(c) compares the imaginary part of
pseudodielectricfunctions for GeSn films deposited on fused
silica and sapphire.The scales on these plots have been expanded
to highlight the shape of the pseudodielectric function above the
interference fringes.The shape of the pseudodielectric function of
the film deposited on Si(100) is very similar to that of the germa-
nium film presented in Fig.3(a).The shapes of the pseudodielec-
tric function of the films deposited on Si (111) and sapphire are
similar, but their peaks are broader than those ofthe film on Si
(100) and the Ge film.These observations suggest the film on Si
(100) has better crystalline quality than that on Si(111) and sap-
phire. The shape of the pseudodielectric function for the film on
fused silica is even broader and less defined,suggesting poorer
crystalline quality.

Figure 4 presents XRD 2θ–ω scans to determine the crystal
orientations present in the four GeSn films.Table II lists the posi-
tion of the peaks,their corresponding d-spacings,and an estimate
of their grain size determined by applying Scherrer’s equation to
the most intense peak presentin each scan.The films deposited
on Si (100) and sapphire had similar grain sizes, 40.4 and
41.3 nm,respectively.Films deposited on Si(111) and fused silica
had smaller grains,36.4 and 35.0 nm,respectively.

FIG.4. X-ray diffraction 2θ–ω scans ofGeSn layers deposited simultaneously
on (a) Si(100), (b) Si(111),(c) fused silica, and (d) Al2O3 substrates.

TABLE II.Peak position,d-spacing,and film grain size determined from 2θ–ω
scans ofGeSn films on Si(100),Si (111),fused silica,and Al2O3 substrates.The
grain size was estimated applying Scherrer’s equation to the mostintense GeSn
peak present in each scan.

GeSn
plane

Substrate
Measurement Si (100) Si (111) Fused SilicaSapphire

(111) Position (deg) — 27.09 27.02 27.02
d-spacing (Å) — 3.289 3.297 32.98

Grain size (nm) — 36.43 — 41.3
(022) Position (deg) — 44.97 44.95 44.84

d-spacing (Å) — 2.014 2.015 2.020
Grain size (nm) — — 35.0 —

(113) Position (deg) — 53.24 53.21 53.17
d-spacing (Å) — 1.719 1.720 1.721

(004) Position (deg) 65.33 — 65.43 65.23
d-spacing (Å) 1.427 — 1.425 1.429

Grain size (nm) 40.4 — — —
(133) Position (deg) — — 72.21 —

d-spacing (Å) — — 1.307 —
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While each of the GeSn films is polycrystalline,they have dif-
ferent degrees of texturing.As seen in Fig.4(a),GeSn (004) is the
only peak present in the 2θ–ω scan from the GeSn film on Si
(100).The lack of other GeSn peaks suggests that this film is highly
textured,with all grains oriented with GeSn (100) planes parallel to
the surface.The 2θ–ω scans from the GeSn film on Si (111), shown
in Fig. 4(b), and from the film on sapphire, shown in Fig. 4(d),
contain an intense GeSn (111) peak with other,orders of magni-
tude smaller peaks,suggesting the grains in these films are primar-
ily oriented with the (111) plane parallel to the surface.In contrast,
the peaks in the 2θ–ω scan ofthe GeSn film deposited on fused
silica, Fig. 4(c), all have very low intensity, suggestingalmost
random orientation of the grains in this film.Note that peaks due
to double diffraction from silicon are present in the 2θ–ω scan of
films deposited on both silicon substrates.Pole figures were used
(Fig. S1 in the supplementary material) to confirm thatthese are
double diffraction peaks and not Sn peaks with different
orientation.

Figure 5 shows RSMs around the (!2!24) and (224) reflections
acquired from films deposited on Si(100) and Si(111) substrates,
respectively,to determine the extentof film relaxation.The GeSn
peak for each film is centered on its respective silicon relaxation
line, shown in red, indicating both films are fully relaxed.

IV. SUMMARY AND CONCLUSIONS
Characteristicsof GeSn films simultaneously deposited via

RPECVD on Si (100), Si (111), fused silica,and sapphire were
compared to evaluate the impact of the substrate on the deposited
film. The GeSn film deposited on Si(100) exhibited a p- to n-type
mixed conduction transition around 220 K,but the films deposited
on all the other substrates exhibited p-type conduction for all tem-
peratures.Interactions between the GeSn film and Sisubstrate are
unlikely to cause the conduction type transition since only the film
on Si (100) exhibited this behavior,not the film on Si (111).The
Sn incorporation in the films can also be ruled out since the films
on Si (111) and fused silica had similar Sn contentto the film

deposited on Si (100). The crystallinity of films on Si (100), Si
(111),and sapphire were similar,and,therefore,crystallinity is also
not the cause of the observed type conversion.Texturing of the
GeSn film on Si(100) is different than that of the other films.The
film on Si (100) has perfect (100) texturing, while films on Si (111)
and sapphire have primarily (111) texturing,and the film on fused
silica is randomly oriented.Since film texture is the only character-
istic of these films that differentiates the GeSn film on Si (100)
from the films on other substrates,and the film on Si (100) is the
only one that exhibits mixed conduction transition,the (100) ori-
entation of the GeSn film is likely to be responsible for the multi-
band conduction observed in TDH analyses.More work is needed
to understand how GeSn crystalorientation can lead to mixed-
band conduction in these films.

SUPPLEMENTARY MATERIAL
Figure S-1 contains an XRD pole figure of 2θ–ω versus w near

the Si (100) double diffraction peaks collected from a RPECVD
GeSn film on an Si (100) substrate. The figure shows that the inten-
sity changes with sample rotation (w),indicating a case of multiple
diffraction.Figure S-1 contains AFM images,10 × 10 μm2, surfaces
of RPECVD GeSn films deposited on four different substrates.
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