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ABSTRACT

GeSn films were simultaneously deposited on Gi00), Si (111), c-plane sapphire (AlO3), and fused silica substrates to investigate the
impact of the substrate on the resulting GeSn filnthe electronicstructural,and optical properties ofthese films were characterized ny
temperature-dependent Hall-effect measuremeatsy diffractometrysecondary ion mass spectrometand variable angle spectroscoggic
ellipsometry.All films were polycrystalline with varying degrees d&xturing. The film on Si (100) contained only GeSn (100) grainsgg'\j’
40.4 nm in diameterThe film deposited on S{111) contained primarily GeSn (111) grair3§.4 nm in diameterBoth films deposited on
silicon substrates were fully relaxethe layer deposited on AD3; contained primarily GeSn (111) graing;1.3 nm in diameterThe film
deposited on fused silica was not texturedd the average grain size was 35.0 Afh films contained ~5.6 at. % Sn throughout the layer,
except for the film deposited on AD3, which contained 7.5% S he films deposited on S{111),Al;Os3, 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 Kcrom ~175 to 260 K, both holes and electrons contribute to conduction.
Texturing of the GeSn film on §1100) was the only characteristic that set this film apart from the other three fionggesting that some-
thing related to GeSn (100) crystal orientation causes this transition from p- to n-type conduction.
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I. INTRODUCTION take advantage othe higher carrier mobilities seen in GeSfi">°
ompared to Si-based devices.

Continued developmenbf this technology faces two signifi-
cant challengesi) the limited thermodynamic solubilify’ of Sn in

Development of GeSn alloys for optoelectronic applications in®
the midwave infrared (MWIR) spectratange has progressed sub-

stantially overthe last decade Emitters and detectorsbased on o o n
GeSn have been demonstrateidcluding light emitting dioded™ Ge,which is less than 1 at. % at room temperature and (ii) the large
(LEDs), optically™ and electrically~' ' pumped lasersas well as lattice mismatch between GeSn films andrSee substratesshich

p—i-n photodiode$”'® and prototype arrays,”'® respectively. induces misfit and other dislocations to relieve the generated strain. To
These efforts are motivated by the fact that for Sn concentrations address the first of these challerigestemperatureionequilibrium
exceeding 6%—-7% (depending on strain in the materi@$Sn has ~ growth techniques such as molecular beam &pitaBE), chem-
a direct bandgap,”~* making both emission and detection pro- ical vapor deposition~*(CVD), remote plasma-enhanced CVDY’
cesses more efficienTransistors have also been fabricatéd to ~ (RPECVD),and other more unconventionabpproaché$™* have
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been successfully implementda overcome the second challenge, rays were collected with a PIXcel3D hybrid array detector with an

thick Ge buffer layets*°(also referred to as Ge “virtual substrates”)automatic receiving slit and Soller slits. 26—w line scanswere

or graded buffefS are frequently introduced between the GeSn layarcquired around the (004) reflection using the scanning line mode.

and the Si substrate to reduce the lattice mismatch. Strain in films deposited on §i100) and Si111) were investigated
The most common substrateused for deposition of GeSn  using (224) and (224) reciprocalspace maps (RSM)espectively,

films is Si (100) because ofhe availability ofcheap,large format  collected in the static line mode.

substrates and a mature commercial-support infrastructitralso Film composition was determined using SIMS performed by

offers the potential for monolithic integration with readout and Evans AnalyticalGroup. Film thickness and opticatharacteristics

control circuitry. Other common, low-cost substratessuch as  were determined via VASE analyses performed on a JA Woollam

Al,O3 and fused silica, are also usefulfor processdevelopment RC2 multichannel,dual rotating compensator ellipsometeData

experimentsor for applicationsthat require electricalisolation,  were collected from 210 to 2500 nm at angles of 5%,65°,70°,

but they have been studied far IeBsere have been limited reports and 75°.

of GeSn growth on Si (111) substrates’***"~*°as well as on

Al,05%°
Most of our work developing RPECVD GeSn deposition pro- IIl. RESULTS AND DISCUSSION
cesses*’have been performed using 8i00) substratedVe have Figure 1 presents results of the TDH measurements. Figure 1(a)

used temperature-dependenhtall-effect (TDH) measurements to  shows resistivity versus temperature for the GeSn films deposited on
investigate carrierconcentrationsand mobilities in some of the  each of the four substratdéote that resistivities of the films depos-
resulting GeSn filmsThe TDH analyses ofthese films show that  ited on Si (111), fused silica,and sapphire alldecrease smoothly
holes dominate conduction at low temperatureswhile electrons  with increasing temperatureThe resistivity of the GeSn film on
dominate conduction at higher temperaturdfiese TDH observa-  fused silica decreased by 50% (from 0.1 to 0.05 Q crmhile the

tions have been consistenindependentof processing conditions,  resistivity curves of the films deposited on sapphire af#l13)) are

for GeSn films deposited on Si (100) substrates. very similar,each decreasing by 25% (from 0.06 to 0.045 Q dmn).

In this work, we use GeSn films simultaneously deposited via much larger95% (0.16 to 0.009 Q crdcrease in resistivity occurs
RPECVD on four different substratesSi (100), Si (111), fused  for the GeSn film deposited on Si(100), with a sharp drop seen
silicon, and sapphireto investigate the observed p- to n-type con- between 175 and 260 K.
duction transition. Carrier concentrationsand mobilities were Figure 1(b) plots the carrier concentrations and mobilities for
determined using TDH while the structural and optical properties GeSn films deposited on S{111), fused silica,and sapphire sub-_
of these films were characterized using secondary ion mass spec-strates These values were determined using a single-band anafy-
troscopy (SIMS), variable angle spectroscopic ellipsometry  sis;' where conduction is dominated by either holes or electrorss,
(VASE),atomic force microscopy (AFM),and x-ray diffractome-  as described by Eqgs. (1)—(3),
try (XRD).

¥5:2G'€¢ §20¢C

Ri %" - (n-type) or Ry % (p-type), (1)
Il. EXPERIMENTAL DETAILS an ap

Two-inch diameter wafers of $100),Si (111),c-plane A}O3, 1 1
and fused silica were cleaved into quarter©ne quarter of each p ; (n-type) or p Vs
substrate was cleaneg)aced on a single 2-in.diameter stainless Aanth P
steel sample holder, and immediately loaded into a custom-
designed RPECVD reactdr. The silicon substrates were cleaned ., Ru
with a 1-min dilute HF etch,while a 10-min ozone treatment was H /‘F‘ (3)
used to clean the AIO; and fused silica substrateshe RPECVD
process used 6% GgHn He as the Ge source while Sn was sup- where q is the magnitude ofelectric chargen and p are carrier
plied from liquid SnC} in a bubbler using He as the carrier gas.  concentrationsand 4, and , are carrier mobilities.The sign of
remote He plasma was excited via an inductively coupled quartz the Hall coefficient indicates the dominant carrier typéholes for
plasma tube mounted on top ofthe reactor chamberA chamber R, > 0 and electrons for Ry < 0. The Hall coefficientsfor the
pressureof 550 mTorr and a constant substratetemperatureof GeSn films deposited on S{111), fused silica,and sapphire sub-
360 °C were maintained throughout the deposition. Additional strates films were allpositive over the entire temperature range,
details about the deposition process and equipment have been préadicating p-type conduction. The averagehole concentrations
viously reported?*° were 5 x 187, 3.6 x 18%, and 2.9 x 18fcm™ for the films depos-

TDH was measuredusing a LakeShore7505 system on ited on fused silica, sapphire,and Si (111), respectivelyCarrier
approximately 1x 1 cfh van der Pauw structureswith soldered mobilities had the opposite trendyith the GeSn layer on Si111)
indium contacts on the corners.Data were collected from 10to  having the highest average value49.4 criV~'s™, followed by
325 K using a 10 kG magnetic field. that on sapphire, 37.6cmiV 's', and on fused silica,

X-ray diffractometry was performed using a PANalytical 17.8 cmMiV™'s™'.

Empyrean x-ray diffractometer equipped with a copper source with  The Hall carrier concentration and mobility curveassuming
0.5° exit slit and a hybrid monochromator. Diffracted Cu Koy x single-band conduction,for GeSn on Si (100) are plotted in

(p-type), 2
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FIG. 1. Temperature-dependesistivitycarrierconcentratioand mobility
curves determined assuming single-band cor(d)Btesistivity vs sample

temperature for GeSn films ©H08), S{111), fused silica, and sapphire sub-

strates(b) Hole concentration (filled symbatmobility (open symbiis)
films on §i111)fused silicand sapphire substrafgsCarrier concentration
(filled symbols) and mobilities (open symbols) in a filrl 68)ss8bstrate.
Regions op- and n-type conduction are determined by the siga dall
coefficientThe shadedarea showsthe approximatéemperatureange
impacted by mixed band conduction.

Fig. 1(c). The sign of the Hallcoefficient changes from positive to
negative ata temperature between 220 and 225 Kjndicating 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 dhis film [Fig. 1(a)] also occurs in
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this temperature rangeNeither holes nor electrons dominate the
conduction in this regionand 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 [E(] since

Ry must pass through zero when going from positive to negative.
Carrier concentration isinversely proportionalto Ry and, thus,
appears to rise sharply in the mixed conduction transition region.
Likewisethe 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 proportiondb Ry [Eq. (3)]. A two-band con-
duction modef’" Egs.(4) and (5),must be used to more accurately
determine the carrier concentrations and mobilities in the mixed-
conduction region

1

Vo———, 4

P (i b i) *)
" 2 2

., MHLPPHS 5)

" q(np b pup)

However, a basic TDH measurement does not provide
enough data to determine the hole and electron concentrations
and their mobilities from these equationsCarrier concentrations
and mobilities for the GeSn sample deposited on th€1RI0) sub-
strate were relatively constardutside the transition region.Hole
concentrations ranged from 7.8 x 10to 1.0 x 10%cm™ with an ¢
average mobility of 50.4 ¢tV ™" s at temperatures far below thé
transition region, while electron concentrationsranged from
51x10" to 7.0x107cm™ with an average mobility of
1200 crAV~'s™" at higher temperatureslt is important to note &
that mobility plays a larger role than carrier concentration in defer-
mining the sign of Ry [Eq. (5)]. If the electron mobility is much
larger than the hole mobility (as is the case heifeg,electron con-
centration can be orders of magnitude lower than the hole concen-
tration and stilldominate the conductionThere also appear to be
indications of mixed conduction near 30 Kpweverthe contribu-
tion from electrons is not large enough to change the signpfrR
this region.

Figure 2 presents SIMS depth profiles thatere acquired to
comparethe compositionsof the films deposited on the four
substratesTo 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. %letermined 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 levaebf Sn incorporation,especially considering aiub-
strates were positioned on the same carrier and experienced the
same deposition processHowever,we have previously observed
similar increased levels dbn incorporation in films deposited on
sapphire compared to films deposited on Si, in separate runs,
using identical processconditions. It is possible thatdifferences

€¢ G20C
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60 A 60 - TABLE |1GeSn film thickness and surface roughness determined from VASE analy-
Si ses and AFM RMS roughnEsms were deposited simultaneously on four differ-
. entsubstrates.
Ge/2 Si - Gel2
( H \rrar~ W Thickness VASE surface AFM RMS
040 A 40 - Substrate (nm) roughness (nm) roughness (nm)
i_) f Si (100) 398 13.8 12.6
g ‘g - Si(111) 425 14.7 10
Z 2 Fused silica 467 19.5 9.2
20 4 < 20 4 AlL,O; 466 9.4 9.3
Sn
0 -
0 250 500 0 250 500
A) Depth (nm) B) Depth (nm) 30 4 E+D
) 25 4 E, T B2 A)
(o 20 - ok
, N 15 AInterference
1 Ge/2 (\l/) 10 -Fringes
| 5
J 0 4
'5 T T T T T 1
0.0 1.0 2.0 3.0 4.0 5.0 6.0
Photon Energv (eV)
i 18 -
Si (001) B) |
14 - z
Sn %
010 - O 3
: i
0 250 500 0 250 500 6 1 i Si(111) NI @
C) Depth (nm) D) Depth (nm) 2 1 . . _ S
0.0 1.0 2.0 3.0 4.0 5.0 6.0
FIG. 2.SIMS depth profile$efSn films deposited simultaneously on different Photon Energy (eV)
substratedlote thathe Ge signalas been divided by 2 to make the Sn and 18
O signals more visibléa) Si (100).Average Sn conterb.7 at. %(b) Si ] G C)
(111) Average Sn conterb.5 at. %(c) Fused silicaAverage Sn content PN
=5.5 at. %and (d) sapphirkverage Sn conteiit5 at. %Stated Sn content 14 4 ;' ___1}{203
is the average content between depths of 100 and 350 nm in each film. A N\ T .
&'104 \
v 6 E Fused Silica
I 1
in thermal conductivity and radiative losses for the different sub- e N T
stratesresult in slightly different surface temperatures,which 2 " T T T T ]
could affect the incorporation of Sn. 0.0 1.0 2.0 3.0 4.0 5.0 6.0
VASE was used to determine the thicknesses of the depositec Photon Energy (eV)

films and to qualitatively compare their crystallinitied\ two-step

process was used to analyze the VA.SE daié{‘S.t, film thICkn?ss FIG.3. Imaginary partpfeudodielectric functions determined by VASE analy-
and surface roughness were determined by fitting a modeisist- o5 ofRPECVD filméa) Results from an =1000 nm thick Ge film deposited
ing of a substrate with a GeSn layer and a surface roughness laye on Si (100)for referencdnterference fringes are used to determine the film
to the ellipsometry data. The pseudodielectric function was then thicknes<Criticapoints in the Ge band structyr&(E 4, E%, and E) are
obtained by fixing the thickness and surface roughness values an¢ shown(b) Results from GeSn films deposited i @)and Si(111)(c)
fitting a B-spline function with nodes every 0.05 eV to the data. ~ Results from GeSn films deposited on fused silica and s&fthine.(b)
Results of these analyses are provided in Table | andFlable | ?nd (c)have bee.n scaled to hlghltgbtshape athe pseudodielectric func-

L . . ions above the interference fringes.
contains film thickness and surface roughnessletermined from
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VASE analyses as well as root mean square (RMS) roughness detistermine the film thicknessPhotons with energies above ~2 eV
mined from 10 x 10 ym? AFMimages (Fig. S2 in the do not penetrate through the entire film thickness due to the
supplementary material). energy dependence ofhe absorption coefficient. Therefore,the
Figure 3(a) plots the imaginary part of the pseudodielectric  spectrum at energies above ~2 eV provides information about the
function for a pure germanium film deposited on a S{100) sub-  dielectric function of just the film, not the underlying substrate.
strate in our RPECVD system. Interference between photons ~ The energies k, E;+ A, E%, and E, are energy levels otritical
reflecting off the Ge/Si interface and off the film’s surface form thetransitions in the germanium band structure The appearance of
fringes observed below ~1.8 eV. These fringes are used to 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 samplestigure 3(b) compares the imaginary part

108 ) of pseudodielectric functionsfrom GeSn films deposited on Si
= 10°] Gesn (004); | si 004 (100) and Si(111),while Fig.3(c) compares the imaginary part of
T . pseudodielectricfunctions for GeSn films deposited on fused
§ 19 Double diffraction silica and sapphireThe scales on these plots have been expanded
- 10° peaks to highlight the shape of the pseudodielectric function above the
. interference fringesThe shape of the pseudodielectric function of
E; the film deposited on S{100) is very similar to that of the germa-
£ nium film presented in Fig.3(a). The shapes of the pseudodielec-

[ RS AR AR AR R R RRA R RS tric function of the films deposited on Si (111) and sapphire are
20 30 40 50 60 70 80 similar, but their p(_aaks are broader thgn those ofthe fllmlon Si _
108 (100) and the Ge film. These observations suggest the film on Si
105_JGesn| si (111) B) (100) has better crystalline quality than that on $111) and sap-
(111) phire. The shape of the pseudodielectric function for the film on
10°4 Double fused silica is even broader and less definedsuggesting poorer
GeSn diffraction crystalline quality.

Figure 4 presents XRD 26-w scans to determine the crystal
orientations present in the four GeSn filmsable Il lists the posi-
tion of the peakstheir corresponding d-spacingand an estimate?
1 of their grain size determined by applying Scherrer’s equation Ea
L R L L the most intense peak presenin each scan.The films deposnedo
20 0 40 w0 60 L &0 on Si (100) and sapphire had similar grain sizes, 40.4 and m

Intensity (Counts)
2
]

10° C 41.3 nm respectivelyFilms deposited on S{111) and fused SlllcéG
)
3 10° had smaller grains36.4 and 35.0 nnrespectively.
§ 1o GeSn
= 10°  (111) (0 2) GeSn  Gesngesn TABLE Il.Peak positiorg-spacingand film grain size determined from 26-w
% 10 13 ©04) (113) scans of5eSn films on $100)Si (111)fused silicand AJO; substrateShe
S grain size was estimated applying Scherrer’s equation to theensesGeSn
€ 104 peak present in each scan.
1 LI L L L L L L L L GeSn Substrate
20 30 40 50 60 70 80
108 plane  Measurement Si(100) Si(111) Fused SilicaSapphire
D
= 10d B Ao ) (111) Posion (deg) —  27.09  27.02  27.02
€ i d-spacing (A) — 3.289 3.297 32.98
8 ) Grain size (hm) — 36.43 — 41.3
= 10°4 o (022) Position (deg) — 4497 4495  44.84
£ 0 i o d-spacing (A) — 2014 2015  2.020
c . .
L Grain size (nm) — — 35.0 —
£ 104 (113) Position (deg) — 5324 5321  53.17
1 d-spacing (A) — 1.719 1.720 1.721
20 30 40 50 60 70 80 (004) Position (deg) 65.33 — 65.43 65.23
20 -0 (°) d-spacing (A) 1.427 — 1.425 1.429
Grain size (nm) 40.4 — — —
FIG.4. X-ray diffraction 26-w scarSe$n layers deposited simultaneously(133) POSItIOU (deg) - - 72.21 -
on (a) S{100), (b) §i11)(c) fused silica, and (DAsubstrates. d-spacing (A)  — — 1.307 —
J.VacSci.TechnoB 42(5) Sep/O2024doi:10.1116/6.0003689 42,052204-5

Published under an exclusive license by the AVS



JVST B ARTICLE pubs.aip.org/avs/jvb

Journal of Vacuum Science & Technology B

Si (001) Substrate

LLI

Si (111) Substrate deposited on Si(100). The crystallinity of films on Si (100), Si

- - 540 (111),and sapphire were similaand, thereforecrystallinity is also
- not the cause ofthe observed type conversionTexturing of the
GeSn film on Si(100) is different than that of the other film&he
film on Si(100) has perfect (100) texturing, while films on Si (111)
and sapphire have primarily (111) texturingnd the film on fused
silica is randomly orientedSince film texture is the only character-
istic of these films that differentiates the GeSn film on Si(100)
from the films on other substrategnd the film on Si (100) is the
e _ only one that exhibits mixed conduction transitiorthe (100) ori-

. N entation of the GeSn film is likely to be responsible for the multi-
T T ALl Im RSIM Onglm band conduction observed in TDH analysédore work is needed
325 -315 -305 180 190 200 to understand how GeSn crystalorientation can lead to mixed-

Q, * 1x107 (RLU) band conduction in these films.

- 530
- 520

- 510

Q, * 1x107 (RLU)

To Si 001 RSM origin

FIG.5. X-ray RSM analyses aroththand (224kflections ddeSn films SUPPLEMENTARY MATERIAL

deposited on §i00) and il 11) show the films are fully relaxed. Figure S-1 contains an XRD pole figure of 26-w 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 (vi)dicating a case of multiple
ferent degrees of texturing\s seen in Fig4(a), GeSn (004) is the  diffraction. Figure S-1 contains AFM image$0 x 10 urh surfaces
only peak presentin the 26-w scan from the GeSn film on Si of RPECVD GeSn films deposited on four different substrates.
(100).The lack of other GeSn peaks suggests that this film is highly

texturedwith all grains oriented with GeSn (100) planes parallel toACKNOWLEDGMENTS

the surfaceThe 26-w scans from the GeSn film on Si (111), shown  This work was supported by AFOSR LRIR Nt8RYCOR032
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