Ge-Si alloy microstructure fabrication by
direct-laser writing with analysis by Raman
microprobe spectroscopy

Cite as: Journal of Applied Physics 61, 5118 (1987); https://doi.org/10.1063/1.338286
Submitted: 24 September 1986 « Accepted: 02 February 1987 « Published Online: 04 June 1998

Irving P. Herman and Frank Magnotta

T ?
L A |

A\ J

N 4 0

View Online Export Citation

(7))
.2
(7))
>
Y O
on
o
co
| S —
5 0
oQ
P g

ARTICLES YOU MAY BE INTERESTED IN

Case-ll diffusion in polymers. I. Transient swelling
Journal of Applied Physics 61, 5129 (1987); https://doi.org/10.1063/1.338287

Case-ll diffusion in polymers. Il. Steady-state front motion
Journal of Applied Physics 61, 5137 (1987); https://doi.org/10.1063/1.338288

Titanium disilicide formation on heavily doped silicon substrates
Journal of Applied Physics 61, 5110 (1987); https://doi.org/10.1063/1.338337

¥4 Applied Physics
E. Reviews

19.162

Read. Cite. Publish. Repeat. § " ™mx

Journal of Applied Physics 61, 5118 (1987); https://doi.org/10.1063/1.338286 61, 5118

© 1987 American Institute of Physics.



https://images.scitation.org/redirect.spark?MID=176720&plid=1700942&setID=379065&channelID=0&CID=567027&banID=520459198&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=82522d7bb27f1044174adc7707f954cf55fa997f&location=
https://doi.org/10.1063/1.338286
https://doi.org/10.1063/1.338286
https://aip.scitation.org/author/Herman%2C+Irving+P
https://aip.scitation.org/author/Magnotta%2C+Frank
https://doi.org/10.1063/1.338286
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.338286
https://aip.scitation.org/doi/10.1063/1.338287
https://doi.org/10.1063/1.338287
https://aip.scitation.org/doi/10.1063/1.338288
https://doi.org/10.1063/1.338288
https://aip.scitation.org/doi/10.1063/1.338337
https://doi.org/10.1063/1.338337

Ge-Si alloy microstruciture fabrication by direct-laser writing with analysis by
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Micron-dimension structures of germanium-silticon alloys of varicus composttions are formed
by several direct-laser writing techniques, including pyrolytic deposition of silicon from silane
on laser-melted germanium substrates and codeposition from silane/germane mixtures on
different absorbing substrates. /n situ composition analysis of these polycrystalline alloy
microstructures is performed by Raman microprobe analysis. The measured Raman shifts and
widths of the laser-deposited alloys are found to be in better agreement with published Raman
data on germaninm-silicon alloy films than with the Raman daia on alloy bulk solids. In the
codeposition of ailoys, the decomposition of germane to form Ge is observed to be about six
times faster than the decomposition of silane to form 8i, independent of the silane/germane

ratio, laser power, and substrate type.

LINTRODUCTION

The tunability of the optical, electrical, and structoral
characteristics of germanium-silicon alloys derived by vary-
ing alloy stoichiometry has spurred interest in the properties
of these compounds and their potential applications. Use of
these compounds for strained-layer superlattice and hetero-
structure devices,’ epitaxial transition layers between GaAs
structures and Si wafers,” and tunable band-gap solar celis®
is drawing widespread attention. In most of these studies,
thin films and multifayers of amorphous and crystalline
Ge, _ , 8i, have been deposited by plasma-assisted decompo-
sition,? sputtering,® molecular-beam epitaxy,’ or thermal
mixing of predeposited films.” There has been relatively less
recent work on Ge-Si alloy film preparation by chemical
vapor deposition (CVD).>® This paper examines several
new approaches to the fabrication of micron-dimension
Ge-Si alloys structures using direct-laser writing., The two
main techniqgues investigated here are laser pyrolytic depo-
sition {CVD) of silicon from silane on simultanecusly local-
Iy laser-meited germanium substrates (forming a “melt al-
loy” after Si/Ge mixing), and the laser pyrolytic
codeposition {(CVD) of the alloy directly from silane/ger-
mane mixtures on various absorbing substrates (“‘codeposi-
tion alloy”). In situ analysis of the alloys is performed by
Raman microprobe methods.” A brief, preliminary descrip-
tion of this work can be found in Ref. 8.

The first-order Stokes Raman spectrum of polycrystal-
line Ge-Si alloys consists of three distinct peaks near 300,
400, and 500 cm ™ !, corresponding to local modes of Ge-Ge,
Ge-8i, and 8i-8i atom pairs, respectively. The central fre-
guency, width, and relative integrated intensity of each peak
has been investigated as a function of x, the silicon atomic
fraction.**!” Raman measurements in Refs. 9 and 10 were
made on hot-pressed or zone-leveled polycrystalline solids,
while those in Ref. 4 were made on sputtered amorphous
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films which were recrystallized. As the silicon fraction of the
bulk solid Ge-Si alloy increases from x = 0, the peak fre-
quency of the Ge-Ge peak decreases from that of pure Ge
(x =10)301 cmm " toabout 285 cm ! (forx = 0.8); also its
width rapidly increases.>® Similarly, the frequency of the
Si-Si peak decreases from the 520 cm™! shift of pure Si
{x = 1) to about 430 cmn ~ ! (for x = 0.1) and the width also
quickly increases, as the silicon content decreases from
x = 1.>'° The Ge-Si local mode peak frequency lies in
between these two peaks and attains a maximum of 407
cm™! near the x = 0.5 state of the perfectly ordered
Ge, sSiy s alloy, and slowly decreases both for increasing
and decreasing values of x. The width of this central peak is
constant and small for x < 0.5, and then increases to a larger,
vet fairly constant value for x > 0.5.%° For each of the three
alioy peaks, the measured linewidths appear to be much
larger for the thin-film samples of Ref. 4, than for the bulk
samples of Refs. § and 10. Also, the change in the x-x local
frequency with added impurity, e.g., for Ge-Ge with added
$i, is significantly smaller for the thin-film samples than for
the buik alloys. (These published Ge, _ . Si, alloy Raman
data are depicted below in Figs. 3 and 4.)

Tofirst order, the relative integrated Raman intensity of
the three peaks is stoichiometrically based on the number of
local atom pairs; L.e., the intensities of the peaks of the pairs
vary as Ge-Ge:Ge-8i:8i-8i = (1 — x)% Zx(1 — x): x°, as-
suming equal osciliator strengths.*® More guantitative anal-
ysis is possible from the published spectra.*

Other factors are known to influence the Ge, __ Si, al-
loy Raman spectrum. Stress introduces a shift in each of the
three peaks, as noted in studies of hydrostatic stress on alloy
solids and films*!' and of uniaxial stress in strained-layer
structures.> Furthermore, sample stoichiometric inhomo-
geneity can broaden each peak. Alloy crystallinity also mar-
kedly affects the Raman profile. Specificaily, amorphous al-
loys exhibit Raman peaks which are much broader, more
poorly resolved, and less shifted int frequency than do poly-
crystalline germanium-silicon alloys of the same composi-
tions.* Finally, since the effective probe depth in Raman anal-
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ysis is about half the absorption depth of the material,
knowledge of alloy optical absorption is needed to determine
the probe depth, At 5145 A the absorption depth continu-
ously varies with stoichiometry from ~0.8 um for Si-rich
alloys (x5 1) to 50.1 gm for Ge-rich alloys (x 2 0) near
300 K (Ref. 13); at higher temperatures the absorption
length ard the corresponding probing depth of such indirect
band-gap materials decrease rapidly. '*

. EXPERIMENTAL METHODS

In the experiments performed here, 5145-A radiation
from an argon-ion laser was focused by a microscope objec-
tive onto the substrate to about a 2-um radius in an experi-
mental arrangement similar to that reported in Ref. 7. The
focused laser served to locally heat the substrate and induce
surface-mediated pyrolysis from gas-phase reactants. Typi-
cally, ~4-um-wide and 1-3-zm-high microstructures were
obtained using a scanning speed of 0.05 mm/s and laser pow-
ers ranging from 50 mW for thermally insulating substrates
to 800 mW for thermally conducting substrates. The same
laser was used for Raman scattering, both during deposition
{real-time) and after deposition with the reactant removed
{in situ}. For microstructure analysis after deposition, the
laser power could be varied to alter the microstructure tem-
perature profile. Depending on the goal of the specific depo-
sition experiment, either neat silane, neat germane, or a si-
lane/germane mixture was introduced into the reaction cell,
which included the substrate and an overlaying window to
permit laser irradiation of the substrate. The fraction of si-
fane content in the reactants x;, was set to be either ¢, 25, 50,
75, 90, or 100%. The reactant pressure was fixed at 200 Torr
in each experiment.

The substrates used in the various studies were ¢-8i,
polycrystalline Ge, #-Si (on Si(3,/8i), vitreous carbon,
graphite, molybdenum, and tantalum. Each of these sub-
strates has an absorption depth much smaller than the focus
diameter, thereby permitting efficient lagser heating of the
surface. At times, the microstructures formed by direct-laser
writing were annealed in sity by laser heating in vacuum.

In situ Raman analysis was perforimed to determine the
stoichiometry of the alloy microstructures. To avoid signifi-
cant substrate heating during such analysis, only very low
laser powers were used during probing < 20 mW for Ge and
Si substrates. For these Raman microprobe measurements
Sickes radiation, orthogonally polarized to the probe laser,
was collected by the microscope objective and was transmit-
ted through a set of four laser-line-absorbing filters to a sin-
gle 1-m monochromator; it was then detected by an intensi-
fied, diode array scanning spectrometer.” Wing absorption
in the laser line filters decreased the light collection effi-
ciency at 2 300 cme ™’ Raman shift (near the Ge-Ge mode)
by a factor of about 3—4 relative to that at 500 cm ™' (Si-8i
mode)}. The necessary recalibration of the signal streagth
was employed in data analysis, though it is not incorporated
in the Raman spectra displayed in the figures below. Similar-
Iy, peak frequencies and widths were corrected to zero laser
power, as necessary. In some experiments electron-beam-
induced x-ray energy-dispersive analysis was also used to
determine alloy composition.
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j15. RESULTS AND DISCUSSION
A. Alioy formation

Germanium-silicon alloy microstructures were fabri-
cated by following several different procedures. For silicon
deposition on germanium substrates using silane as the reac-
tant, experimental regimes could be found in which the alloy
was formed, as indicated by the characteristic three-peak
Raman spectrum, or in which only pure silicon was deposit-
ed, as suggested by the typical one-peak silicon spectrum. At
faster scan speeds and lower laser powers only silicon was
observed. Since in 8i the Raman: probe is sensitive to a depth
of only about 0.4 gm (5145 A, 300 K}, it is still possible that
some alloy is formed below the top silicon layer in the re-
gimes in which only Si was observed. Figure 1{a)} shows an
SEM of one line microstructure of the melt alloy. The mor-
phology of 2 purely silicon line obtained under slightly dif-
ferent experimental conditions was very similar, The fringes
running down the center are parallel to the direction of trav-
el and normal to the linear polarization of the laser.*>!®
There is also evidence of material buildup at either side of the
line.

The Raman peak positions, widths, and strengths of the
meli ailoy imply that the melt alloy s polyerystalline.* Based
on the laser-induced temperature rises deduced from the
shift and broadening in the Raman specira of laser-heated
silicon microstructures,’ it is reasonable to presume that the
germanium substrate is melting (7 = 1210 K} during depo-
sition in this study. Under similar writing conditions with no
silane present, visual changes observed with the laser micro-
scope also suggest that the focused laser melts the Ge sub-
strate. Overwriting the alloy with silane usually prodoced an
overlayer of silicon.

Several attempts were made o produce Ge-Si alloys by
writing pure Ge from germane on ¢-Si or ¢-8i. In each in-
stance a germanium deposit was observed, but with no sign
of the alloy. Since ¢-8i and ¢-8i melt at much higher tempera-
tures (7 = 1690 K and about 1450 K, respectively} than Ge
and since germane decomposes at 2 lower temperature than
silane, the writing conditions necessary to melt the substrate
results in a thick germanium deposit. The shallow effective
Raman probe depth of ~0.05 um for pure germanium
would easily mask any alloy layer if it were formed.

Ge-Si alloys were alse codeposited from x,, = 0-1 si-
lane/germane mixtures on Ge, ¢-8i, ¢-Si, vitreous carbon,
graphite, Mo, and Ta. These substrates provided a range of
different lattice maiching and thermal conditions, yet each
absorbed a large enough fraction of the incident radiation
{ > 40%) within 1 um of the surface to induce efficient sur-
face heating. Figure 1(b)} shows an SEM of the line micro-
structure formed from an x;, = 0.75 mixture on a Ge sub-
strate. This double-ridged morphology, often seen in pyroly-
tic laser deposition of silicon and other materials,'® is also
observed here in alloys made from x,, = 0.9 mixtures and
pure Ge deposits. (It has been shown that with judicious
choice of experimental conditions silicon lines with flatter
tops can be fabricated,’® as is also expected here.} There is
still evidence of fringes running parallel to the scanning di-
rection. Codeposited lines overwritten four times were sig-
nificantly wider than those with one write cycie, yet exhibit-
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FIG. 1. SEM of {a) Ge-Si melt alloy formed using 200 Torr SiH, (view is
45" from vertical) and (b} Ge-Si codeposition alloy deposited from 150
Torr 8iH,/50 Torr GeH, x,, = 0.75 (view is at 30°). In both cases the Ge
substrate is scanned at ~0.05 mm/s, relative 1o the 800 mW of 5145 A
argon-ion laser radiation, which is focused to a ~2-um beam radius.
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ed similar double-ridged morphology.

Visual inspection during writing showed that a deposit
formed for each mixture/substrate combination. However,
not all cases exhibited a Raman spectrum with measurable
structure. For ¢-8i, polycrystalline Ge, Mo, and Ta sub-
strates each mixture produced a microstructure with its
characteristic three-peak spectrum. Figure 2 portrays the
fow-power (20 mW) spectrum of a codeposition alloy
{x; = 0.75) on Ge at one spot along a line. The Raman
spectra for melt alioys look similar. Since in many experi-
mental regimes the Raman spectra were virtually identical
for codeposition on either 81 or Ge substrates, there does not
appear to be any mixing of the deposit with the substrate
(i.e., melt alloying} in these cases, at least to the Raman
probe depth. However, in some regimes there was evidence
for slight melt alloying during codeposition of the alloy on
Ge. In these cases an alloy line was codeposited on the Ge
substrate and analyzed, and then was overwritten and ana-
lyzed again; the overwritten line had a slightly lower Ge
content than the first line.

‘For a-Si surfaces, Raman signals were seen for silicon
deposition from neat silane and sometimes also for depo-
sition from mixtures containing germane. For vitrecus car-
bon and graphite, spectral structure in the Raman signal was
seen only for silicon deposition from neat silane. To further
examine the nature of these deposits from silane/germane
mixtures which have no measurable Raman signal within
the sensitivity of the apparatus, x-ray dispersive analysis was
performed for the deposits formed by laser CVD with
x5 = 0.25, 0.50, and 0.75 reagent mixtures on vitreous car-
bon. This analysis confirmed that the deposits were indeed
Ge-Si alloys. The distinction between the two cases appears
to be that for the first set of substrates (¢-81, Ge, Mo, and Ta)
all of the alloy deposits are polycrystalline, while for the
second set of substrates (vitreous carbon and graphite) only
the silicon deposit is polycrystalline and the alloy and pure
germantum deposits are amorphous. Note that the second
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FIG. 2. Low laser power Raman spectrum of a codeposition alloy on a Ge
sabstrate. The deposition mixture was x,, = 0.75, and x was determined to
be 0.3. The peaks near 230, 400, and 480 cm ™! correspond to the Ge-Ge,
Gre-Si, and Si-Si local modes respectively. The sharp peak near 300 cm '
corresponds to the Ge substrate.
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set of substrates are either amorphous or have a very differ-
ent lattice structure vis-d-vis Ge-5i alloys. Attempts to re-
crystallize the amorphous alioys using in situ laser heating
were not successful.

The writing rate of codeposition alloys was found to
increase monotonically with increase in germane fraction in
the mixture (i.e,, decrease in silane and x,,). This was de-
duced from deposit cross-section measurements performed
by profilometry and scanning electron microscopy.

Alloy formation was also demonstrated by first writing
a Ge (8i) line by laser pyrolytic deposition, overwriting it
with a Si (Ge) line, and then heating the structure with the
laser with no reactive gas present.

B. Stelchiometry analysis

Raman spectra of the alloy microstructure probed at
low laser power ( < 20mW), such as the one shown in Fig. 2,
should uniguely determine the composition of the alloy us-
ing at most two of the six data points available from the
frequency and width of the three peaks. Furthermore, x
should be obtainable independently from the ratic of the in-
tegrated Raman signal of any two of the three peaks. (The
assumption that the local mode peak integrated intensity
depends only on the fraction of local atoms pairs, was found
to be only approximately true, based on the published Ra-
man spectra. } Consistent values of x within + 0.1 were typi-
cally obtained here by analyzing the central frequency of any
of the three Raman peaks or the ratio of the integrated signal
intensity of the two largest peaks.

The Raman spectra obtained here have the noted three-
peak structure (Fig. 2} with the characteristic germanium-
silicon alloy peak asymmetry, exhibiting a sharp rise on the
kigh-frequency side and a slow tail on the low-frequency
side, especially for the Ge-Si and Si-Si peaks. In many of
these spectra there appear to be shoulders (indicating addi-
tional resonances} on the low-frequency side of the peaks,
particularly for the Ge-Si and Si-Si modes. Also, thereis a
large background Btokes signal between the Ge-Si and Si-8
peaks, beyond that expected from the Si-Si profile asymme-
try and peak overlap. These different features are apparent in
Fig. 2.

Using this analysis procedure, the composition of sever-
al of the microstructures obtained during melt allcy writing
was determined. The polycrystalline materials obtained in
laser deposition of Si from SiH, on Ge range in composition
from pure Si, through Si-rich alloys {x-~0.8}, through to
Ge-rich alloys (x~0.2).

The silicon content in codeposition alloy microstruc-
tures fabricated using 90% SiH,/10% GeH, mixtures
(x;, = 0.9} over several runs was x = 0.6 - 0.1. Conse-
guently, the ratio of the dissociation probability of GeH, to
that of SiH, during laser CVD),

y=1 = x3/x) /[ = x4 )/ %0 ] (1)
isy = 6 + 2. For the 75%/25% mixture, x = 4.3 4~ 0.1, and
y =17+ 3 (Fig. 2). These values of x are fourd to be inde-
pendent of the type of substrate, and are relatively insensitive

to the exact writing conditions. Within experimental error,
the same value of y is obtained for both values of x,,. Lines
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written with more germane-rich reactant mixtures
(%, <0.3) appeared tc be very nearly pure germanium ac-
cording to Raman analysis.

Energy-dispersive x-ray analysis performed on the co-
deposition alloy microstructures written on vitreous carbon
also suggests that y is independent of x,,. For deposits
formed with x,, = 0.25, 0.50, and 0.75 mixtures, silicon
fractions were x = 0.086, 0.20, 0.45 respectively, leading to
y=3.8 402, again independent of which mixture was
used. In addition to this “x,,-dependent” precision devi-
ation in determining y, a larger deviation of roughly 4 1.5,
due to calibration uncertainties in the x-ray analysis {arising
from the thin nature of the film and the nonflat topography
of the alloy microstructures) limits accurate determination
of p. 8till, the valne of p obtained here is consistent with those
obtained above for polycrystalline Ge-5i alloys using Raman
analysis. Measurements of deposition rate versus x,, for 2
series of runs on vitrecus carbon with identical substrate
scanning speed, laser focus, and laser power, also yielded
values of y which are consistent with those obtained above.

In the only previous quantitative study of large-area co-
deposition of Ge-5i alloys by CVD of germane/silane mix-
tures,” the relative germane/silane dissociation probability y
was = | independent of flow rate and temperature, because
deposition of both species was mass-transfer controlled. In
the present study p is found to be independent of the relative
silane/germane mixture ratio for each subsirate and laser
power tested, and more specifically, that value of y was
found to be » 1. Since y is independent of x,,, silane and
germane decomposition are probably independent of each
other. This means that the radicals and atoms produced in
the decomposition of one reactant (such as GeH,, GeH,,
and H from GeH,) do not significanily react homogeneous-
lv or heterogeneously with the other reactant (SiH,). If the
rate of these cross reactions of reaction products of one reac-
tant with the other reactant (SiH,) were competitive with
the decomposition rate of the first reactant (GeH, }, y would
be strongly pushed to a value near 1. Furthermore, since y is
very different from 1, the deposition of codeposition alloy
microstructures must be surface-reaction controlled, and
not mass-transfer limited, in the present experiments.

The large values of y measured here are not surprising
since at & given temperature, germane is expected to decom-
pose faster than silane because of its weaker bonds. Extrapo-
lation of the data for the surface-reaction limited CVD of ¢-
Ge from germane'’ and of polycrystalline Si from silane’® to
about 800 K, suggests that Ge ts deposited about 100 times
faster than is Si for equivalent conditions at this tempera-
ture, even though the activation energy of both reactions is
about 1.4 eV.'"18

The cited accuracy for the Raman determination of the
alloy composition of + 0.1 is not limited by the accuracy of
peak frequency measurement, but by several other factors.
Perhaps the most important is accurate knowledge of the
Raman frequencies for the sxact structure of the thin film
microstructurss written here. When comparing either the
melt alloy or codeposition alioy Raman peak shifts with any
of the three sets of published spectra,*®*® small inconsisten-
cies arise—most probably from the differing nature of alloy
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preparation; this limits current consistency in determining x
to about O.1.

The Raman frequencies for Ge-Si bulk alioys in the
studies of Renucci ef @l and Brya'? are in rough agreement
with each other; however, they significantly differ from the
results of Ishidate ef al.* for recrystallized sputtered amor-
phous films. These differences in the published data are illus-
trated in the compilation of curve fits to their respective data
in Fig. 3. Analogous curve fits for the published Raman
linewidth data are plotted in Fig. 4. The data in these two
figures agree at the end points (x = 0 and x = 1), but de-
viate in between these points.
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FIG. 3. Fits to the published data of Raman frequency shift vs alloy silicon
atomic fraction x from (a) Ref. 4, (b) Ref. 10, and (c) Ref. 9, are ploited for
the Si-8i, Ge-8i, and Ge-Ge local mode peaks. As described in the text, the
current codeposition alloy data is also plotted for the Ge-Si and Ge-Ge
peaks, as curve {d), presuming x assigniments from the Renuccei ef ¢/, (Ref.
9) 5i-8i peak frequencies.
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FIG. 4. Fits to the published data of Raman peak width vs alioy silicon
atomic fraction x from (a) Kef. 4, (b) Ref. 10, and (¢) Ref. 9 are plotted for
the Si-8i, Ge-S8i, and Ge-Ge peaks. The fits to the Raman spectra of the
laser-written alloys are also plotted, as curve {(d), using the $i-Si peak fre-
quency {Ref. 9) assignment described in Fig. 3 and the text.

For comparison with these published results, the pres-
ent data were analyzed as follows. Instead of determining x
from the Ramaun shift of each of the three peaks and from the
relative peak intensities as was done above, x values for the
analyzed regions of laser-written alloys were uniquely deter-
mined from the 8i-Si peak frequency using the data by Ren-
ucci er al.” This procedure was adopted because for each of
the three sets of Raman data the Si-Si peak frequency deter-
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mined from the Si-8i peak frequency using the data by Ren-
ucci et al.° This procedure was adopted because for each of
the three sets of Raman data the Si-8i peak frequency deter-
mines 2 unique value of x (unlike the Ge-8i peak which is
bivalued) and has a far greater dynamic range (i.e., slopein
Fig. 3} than either of the other two peaks, and also because
the insirument response is highest in the $i-8i frequency
range. The data fits for the Ge-8i and Ge-Ge local mode
Raman shifts are plotted in Fig. 3, along with fits to the
published spectra. Data from only the codeposition micro-
structures on Ge and ¢-Si, both after deposition and after
laser annealing (see below), were used. The data have been
corrected for the small temperature rise due to laser heating
with 20-mW probe power, as described in Sec. I C. Use of
the Si-Si data from Ref. 4 or 10, instead of those from Ref. 9,
would have produced gualitatively stmilar resplts. Note that
the present Ge-Si peak data seem more consistent with the
shifts of the bulk alloy than with those of the thin film. The
Raman shift of Ge, s Si,, ; measured by Ishidate ez al.* for the
polycrystalline thin films is over 5 cm ™' higher than that
measured either here or in the two bulk alloy studies.®!®
However, the smaller siope of Ge-Ge peak freguency with x
of the present work seems in best agreement with the thin-
fitm data.

A similar analysis was performed for the widths of the
Raman peaks, using both the cedeposition and melt alloy
data. The curve fit for the FWHM widths of each of the three
peaks is plotted in Fig. 4 for the alloy microstructure data,
with x determined from the Si-§i peak frequency as above.
Fits to the data from Refs. 4, 9, and 10 are also plotted in this
figure. The linewidths of the alloy Raman peaks for the film
are typically 15 cm ! or more and are consistently larger, at
times two times larger, than those for the bulk alloy. How-
ever, the narrow 3—4 cm ™ ! linewidths for laser-written pure
© i and pure Ge agree with the Raman spectra of the respec-
tive bulk solid samples. The large Raman widths measured
here are much more consistent with the thin-fitm alloy data
than with the bulk alloy data. Also, the x dependence of the
present data and the thin-film data are also in rough agree-
ment, Ishidate et al.* showed that for incompietely annealed
thic films, further annealing may tend to narrow the 5i-Si
peak and not affect the Ge-Ge and Ge-8i peaks at ail. The
relatively large Si-81 peak widths measured here vis-a-vis the
thin-film data and the large dispersion in the present data,
suggest that the Si-8i peaks may be excessively wide because
of incomplete annealing and that they may narrow further
after annealing.

Several alloy microstructures were annealed in a vacu-
um furnace for 90 min at 800 °C, following the prescription
of Ishidate et al.* for thin-film recrystallization and annesl-
ing. There was little, if any, change in peak widths; the Ge-5i
and Ge-Ge peaks may bave narrowed by about 1 cm ™,
while the width of the Si-Si feature was unchanged. The
peaks widths were still within the variance bars, and were
still larger than those in the published specira.

Because of the similarities in Raman widths, the present
spectra seem more similar to the thin-film alloy spectra than
the bulk alloy Raman spectra. 8iil}, there are some striking
differences in the Raman shifts for these two cases. Raman
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measurements on CVID Ge-5i alloy films should help resolve
this guestion of calibration. The Raman spectra of CVD
films may differ from those of sputtered films because of
different grain sizes and possible residual hydrogen in CVD-
prepared thin films. For example, the three TO mode fre-
guencies in hydrogenated @-GeSi are significantly higher
than for the unhydrogenated alloy.””

Three other factors can influence stoichiometry analy-
sis. Stress between the microstructure and the substrate can
shift the Raman peaks, thereby complicating the determina-
tion of x. To test this, each of the three experimental peak
frequencies was shifted by a few cm ! and compared to the
published Raman shifts; the precise relative shift for each
peak was derived using the respective Gruneisen constants
of the three peaks®'! or the respective peak stress-induced
shift in sirained-layer superlattices vis-d-vis unstrained ma-
terial.!” No significant improvement in assignment oc-
curred. Also, stress-induced shifts in the Raman frequencies
seem insignificant because the peak frequencies of codeposit-
ed alloys are essentially independent of substrate type. Simi-
larly, codeposited alloy microstructures deposited on top of
cne another show no difference in peak frequencies. If stress-
es were important, significant differences would be observ-
able. Furthermore, any such stress-induced spectral pertur-
bations for Ge-8i alloys on Ge or 8i should be much less than
those for silicon microstructures on Ge substirates because of
superior lattice matching in the former case. The stress shifts
for Si lines on Ge are thought to be <2 cm ™17

Another complication in determining the relative sili-
con/germanimn countent in the microstructures is the poten-
tial spatial variation in alloy composition, leading to averag-
ing in the Raman microprobe analysis. One type of spatial
variation is a slow gradient in composition across the line
microstructore, with a characteristic distance of a micron.
Because of the deposition, liguid mixing, and diffusion steps
invoived in melt alloy formation, it would be surprising if
such gradients did not exist to some degree in that case. An-
other type of nonuniformity is 2 fluctuation in x on a2 much
finer, local scale. One extreme example of this is the appear-
ance of submicron aggregates of Si or Ge. (Such microaggre-
gates are not thought to exist in bulk prepared Ge-Si alloys.
Phonon spectra measurements have shown Ge-5i alloys to
be configured in a randomly ordered diamond-type lattice in
which alloy minority atoms occer only as next-nearest
neighbors and not in clusters of similar atoms.*®) To test
these possibilities, averaged Raman spectra were calculated
using the bulk alloy data of Rennuci ef /.’ by assuming a
certain average value silicon content ¥ with a Gaussian dis-
tribution dispersion about this average, for different disper-
sion widths Ax {1/¢ halfwidth). The net Raman shifts and
widths for these simulations are reproduced in Figs. 5 and 6.
Although this averaging tends to broaden the peak widths,
bringing them closer to the observed widths, overall peak
frequency assignment was not significantly improved. Fur-
thermore, Fig. 5 shows that for large composition gradients,
Ax = 0.3, the 8i-Si peak frequencies for small x never be-
come smaller than roughly 480 cm ™, in contrast to the ex-
perimentally observed values down to about 460 cm ™. Fin-
ally, no evidence of pure Si or Ge microclusters was ever
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x=0.1,03 035,07, 0.9. The data of Ref. 9 are used, assuming an alloy
composition distribution which is 2 Gaussian of 1/e balfwidth Ax about the
sverage.

noticed in the Raman spectra of these Ge-5Si alloys.

The third factor in composition analysis is crystallinity.
The asymmetry in Ge-Si alloy Raman peaks has been attri-
buted to the lack of translational symmetry in the random
alloy and the concomitant relaxation of the Ak = O selection
rule.’® Furthermore, in polycrystailine materials with grain
sizes less than 100 A the translational symmetry aproxima-
tion is even more strongly violated, leading to a further in-
crease in peak linewidth and asymumnetry, and decrease in
peak frequency, as demonstrated for polycrystaliine Ge, Si,
and GaAs?' (Mo measurement of grain sizes is reported
here.} The observation of additional peak broadening (Fig.
4) and the appearance of additional rescnances, noted above
as shoulders on the low-frequency sides of the Si-8Si and Ge-
Si Stokes peaks, may be due to regions of different crystallin-
ity~—such as localized pockets with different grain sizes.

The large background between the Ge-Si and Si-Si peaks
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near 450 cm ' suggests that there is a broad underlying peak
in this region, possibly due to ¢-8i, or the Si-8i peak in ¢-GeSi
or microcrystaliine GeSi. This broad background remained
even after oven annealing. However, based on the rates of
random recrystallization of a-Si by Olson and co-workers??
and the conclusion reached in Ref. 4 that 2-GeSi completely
recrystallized after oven annealing, it seems that any amor-
phous phase should have recrystallized as a result of this
annealing cycle. (Since the broad background between the
Ge-Si and 5i-5i peaks remained in Ref. 4 even after anneal-
ing, this presumption that no amorphous or microcrystalline
Ge-Si remained after oven annealing may not be valid.) Itis
alsc possible that the relatively weak, unassigned peaks in
this 450 cm ! region noticed by Byra,'® which were fairly

Pesk width {em™ )

-
2 L { i | I i o4 I
o .2 0.4 LX) 0.8 1.0
Ge Average atomic fraction (X} Si

FIG. 6. Calculated Raman peak widths vs average alloy composition %, for
simufations of Raman spectra of alloys with nonuniform composition, as
detailed in the Fig. 5 caption.
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independent of x, may have a similar origin to the back-
ground observed here. Since this background appears only
when the Ge-Si and Si-Si peaks are close in frequency (small
x), it may, in fact, be due to a mixing of the Ge-Si and 8i-Si
resonances.

C. Irradiation and analysis of alloys at higher laser
powers

1. Laser annealing

After deposition of 2 melt or codeposition alloy kine, the
reactant was removed and various spots op the microstruc-
tures were subjected to laser heating by a static, nonscanning
focused laser in vacuum. In part, this was done to survey
potential laser annealing effects. A typical laser heating se-
quence began with Raman microprobe analysis at the cho-
sen spot at low power { <20 mW on 8i or Ge) for an initial
reference. Then the spot was heated using a specific high
power {the annealing laser power) for several minutes, dur-
ing which time the Raman spectrum was recorded. After-
wards, the same spot was irradiated with successively lower
laser powers, with the Raman signal again recorded each
time, until the initial low power, room temperature probe
run is repeated. Such a sequence permiited observation of
changes due to annealing, and aiso allowed measurement of
the laser-power dependence of the Raman spectrum for a
spot that had already been annealed. The specira from one
such sequence is shown in Fig. 7 for a 75%/25% codeposi-
tion alloy.

There were three regimes of effects, depending on the
choice of annealing laser power. At very high powers ( > 400
mW ), there were gross local physical changes in the micro-
structure due to melting and vaporization, effects which are
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FIG. 7. Raman spectruum of 2 codeposition alloy {x,, = 0.75, x = 0.3) asa
function of probing laser power, for (a) 250mW, (b) 150 mW, (¢) 75 mW,
(d)40mW, and (e) 20 mW. The lowest laser power spectrum is the same as
the one shown in Fig. 2. Note the peak near 300 cm ™! due to the Ge sub-
strate does not change much in frequency with laser power.
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not very interesting. The intermediate regime of annealing
laser power was characterized by minor visual modification
of the spot which was sometinies accompanied by a change
in stoichiometry, as determined by Raman analysis. In the
fowest regimes of annealing laser power { <250 mW) there
were no noticeable physical changes. Attempts to laser an-
neal samples were conducted at the uppermost power in this
lowest laser power range.

The Raman spectrum recorded after such a low-power
regime anneal was either identical to or only slightly modi-
fied from the pre-anneal! and oven-treated spectre, basedona
comparison of peak frequencies, widths, and absolute peak
intensities. This was true for both melt and codeposition ai-
toys. In some cases the 5i-8i peak did parrow a little, but stifl
the width of the Ge-Ge, Ge-Si, and Si-31 peaks remained 15~
25 om™ !, comparable to those of the anmealed alloy films in
Ref. 4 and much wider than those measured for the bulk
samples in Refs. 9 and 10. Since the laser-induced tempera-
ture rises (to just below melting) and annealing times (1-4
min at & given ~4-pm-diam spot) should have been suffi-
cient to recrystallize any local concentrations of amorphous
Ge-Si alloy, the observation that the Raman strength was the
same before and after annealing should imply that the initial
material was entirely polycrystalline and not a mixture of
polyerystalline and amorphous regions. However, the ab-
normally wide and asymmetric peaks also suggest that the
deposited material may be microcrystalline, with very small
grain sizes that do not grow substantiaily vpon annealing.
Also, the possibility of some residual amorphous region can-
not be absclutely ruled out. Regarding another possible ef-
fect of annealing, any microstructure-substrate stress relaxa-
tion resulting from annealing would have been indicated by a
roughly equal {within a factor of about 2} translation of
each of the three Raman peaks. No such behavior was ever
observed.

Irradiating codeposited alloys with the intermediate
range of laser power for 1-4 min sometimes produced large
changes in alloy compaosition, as probed by the Raman tech-
nique, with minor observable structural modifications. At
times laser irradiation tended to increase either the germani-
um or siticon content in the Raman probed surface layers of
the microstructure. This was observed for such microstrac-
tures on ¢-8i or Ge substrates. No obvious correlation of
euhanced surface Si or Ge with laser power, substrate type,
alloy composition, or fabrication method (melt versus code-
position} was noted. No lateral diffusion of the alloy into
adjacent regions or any other modification of the adjacent
regions was noted in any of these annealing cases.

From the phase diagram for Ge-8i alloys,” it is known
that at equilibrinm the molten portion is relatively Ge rich,
while the solid phase is Si rich. Depending on the specific
microstructure and laser conditions, the molten-Ge-rich
phase possibly may migrate to the microstructure surface
and remazin there after cooling, leaving a Ge-rich overcoat-
ing after cooling in some cases. There is no apparent reason
to expect the malten region to always migrate to the surface,
However, preferred segregation of Ge from large-area Ge-Si
alloy thin films to the surface has been observed by Farrell
and co-workers? after annealing and ion bombardment.
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2. Thermal effects in the Raman specirum

Figure 7 depicts a series of Raman spectra for a range of
incident laser powers impinging at one spot along a codepo-
sition alloy line. Similar spectra were obtained for laser heat-
ed melt alloys. Consistent with the procedure outlined
above, these series of runs were conducted with descending
laser powers; there was no apparent annealing of the spot
during irradiation. As the laser power used in the probe in-
creases the frequencies of each of the three local peaks de-
creases and the Ge-Ge peak becomes relatively weaker than
the Si-8i peak. The width of each peak remains fairly con-
stant, independent of laser power.

The decrease in peak frequency with increasing laser
power corresponds to a decrease in each of the three Raman
shifts with temperature. This type of temperature depen-
dence is anticipated from the Raman Stokes spectra of oven-
heated ¢-Si (Refs. 25 and 26) and ¢-Ge,”® although it has
never been observed previcusly for Ge-Si alloys. Figure §
plots the freguency of each of the three peaks as a function of
incident laser power for the data in Fig. 7. The nearly linear
decrease in Raman shift with probe power portrayed in Figs.
7 and 8 was exhibited by all codeposition and melt alioys so
examined. Because of the lack of previcus Raman alloy data
at elevated temperatures and because the profile of the tem-
perature increase on the alloy surface induced by laser heat-
ing is not spatially uniform, no direct relation between Ra-
man shift and temperature can be made here. Still, some
semiquantitative conclusions may be drawn from this data.
For one, the plots in Fig. 8 along with other similar data from
other runs suggest that the peak frequencies measured with
20 mW are about G.5 cm ~ ! lower than the zero power values.
( As seen below, this corresponds to an average temperature
rise of about 20 X during low-power probing.)

Qver the range of incident laser power used in Fig. 7, the
Si-Si peak frequency decreases by about 40 cm™'/W or
about 10 cm ™ ! for this 0250 mW variation. If the change in
the Raman shift of the Si-Si peak with temperature is as-
sumed to be the same as that of ¢-8i,%5?° which has a roughly

— 0,023 cm ~ ! shift per degree K in the temperature range of
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FIG. 8. Peak frequencies of the Si-8i, Ge-Si, and Ge-Ge peaks are plotied as
a function of incident laser power for the data portrayed in Fig. 7. Note that
there are different ordinate scales for each of the three peaks, with individ-
ual offset frequenctes and expansions of the frequency scale.
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interest, then this variation of incident laser power corre-
sponds to a local temperature range of roughly 300-8C0 K. If
instead, the relative ¢-8i/5i-Si changes in Raman shift with
temperature are scaled by their respective Raman shifts at
300K, these temperature estimates are then barely modified.
These same temperature estimates are also obtained if the
temperature dependence of the Ge-Ge alloy peak is assumed
to be the same as for c-Ge.?® Since the temperature profile of
the microstructure induced by laser heating is spatially non-
uniform, the actual peak microstructure temperatures are
really higher than these values,” with the maximum value
perhaps 9001000 K. Apparently, cbservable damage to the
microstructure occurs at somewhat higher laser powers and
correspondingly higher temperatures than these, near the
melting temperature of the Ge substrate and the Ge-Si alloy
lines.

This Si-Si peak/c-Si and Ge-Ge peak/c-Ge analogy can
be extended to an examination of Raman widths with the
following model. If the temperature-dependent portion of
the linewidth, of, say, the 8i-Si peak of the alloy, is identified
with the width of the crystalline form of the element analog
¥ (77, in this case ¢-Si, then the residual contribution to the
linewidth (beyond the ¢-Si portion at 300 K, due to crystal-
linity effects, etc.) 7, may be assumed to be temperature
independent in this model. Assuming that each broadening
mechanism can be represented by a Lorentzian profile, then
for the overall linewidth I:I'(T) = ¥, (7T) + ¥,. This should
also be approximately valid for asymumetric Lorentzian line
shapes. From the properties of ¢-8i, the temperature-depen-
dent contribution ¥, for the 8i-8i mode of the alloy would be
2.5 cm™ " at 300 K and about 8 cm ™' at 800 K. Since
from Fig. 4 T (300 K) ~25 cmi ' for this mode at x = 0.5,
then ¢, ~22.5 em ™! and one would predict I'(800K ) ~3G.5
cm~ L. For Ge the analogous values are ¢,(300 X) = 2.5
em ™!, 7,(800 K) =7 em™ ", *® and T"(300 K) = 18 cm ™!
(for x ~0.5 from Fig. 4), leading to y,~15.5 cm ™" and the
predicted I (800 X} ~22.5 cm ™™ '. However, this model-pre-
dicted increase in linewidth of about 5 crn ! for each peak as
the probe power is increased in Fig. 7, is not observed for
either the $i-Si or Ge-Ge mode, since essentially no increase
in linewidth is observed. Even if the polycrystalline alloy had
restdual amorphous regions, this model should be reasona-
ble. For such a mixed phase material, the temperature de-
pendence of the material would depend on two factors: on
the linewidths of the crystalline and amorphous phases, and
on the changing difference in phonon {requencies with tem-
perature for these two phases. This latter effect is not impor-
tant for $i.77

As the laser power and corresponding temperature rise
increase, the integrated intensity of the Si-Si peak increases
rapidly, while the intensity of the Ge-Ge peak increases
much more slowly. The Ge-St peak displays an intermediate
behavior, more closely mimicking the Ge-Ge peak. The
Stokes scattering probability, defined as the integrated inten-
sity per incident photon, decreases only very slowly with
increased laser power (temperature) for the Si-Si peak (by
~ 309 over the laser power range in Fig. 7 and other similar
runs), while it decreases much faster for the Ge-Si (by a
factor of ~2.5) and Ge-Ge peaks (by ~3.5). This is similar
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to the behavior of laser-heated St and Ge microstruciures,
for which the scattering probability was observed to decrease
slowly with increasing laser power {temperature) for ¢-Si,
and to decrease much more rapidly with power for Ge.”
Again, this in accord with the dependence anticipated using
the Si/8i-8i alloy mode, Ge/Ge-Ge alloy mode analogy. The
ratio of Ge-Ge/Si-8i peak intensities in Fig. 7 (and in other
similar runs) decreases by ~ 2.5 as the probe laser power is
increased from low powers (300 K) to high laser powers
{corresponding to ~800 K average temperature). The
Stokes Raman scatiering probability per incident photon in
untformly, oven-heated ¢-8i is known to decrease slowly
with increasing T roughly as expl — (T — 293 K)/T,],
where 7,690 K for 5145 A.?® Using this expression and
the average local teraperature of the laser-heated alioy mi-
crostructure of ~ 800 K for 250 mW {derived assuming the
c-81/8i-81 mode Raman shift analogy), 2 ~30% drop in
Si-Si Raman Stokes probability would be expected, com-
pared to the 30% drop observed here.

The Stokes Raman scattering rate for the X-Y local
mode is R (Ref. 28):

RX~Y=( T5T Pvs ) (AQ{”((&X _y)+ 1] )
{ay +ag)nns 327726461)‘{_,_ ¥

X§€L55XX-Yi2= (2}
where the § and £ subscripts refer to the Stokes and laser,
respectively, 7 is the transmission coefficient at the surface,
P is the laser power, v is the Stokes shifted optical frequen-
¢y, a is the absorption coefficient, 7 is the index of refraction,
ALY is the collection solid angle, @y _ 4 is the phonon fre-
quency for local mode X — ¥, #{wy_ ) is the phonon-
occupation factor for that local mode
jexp(fiwy _ y/kT) — 117, € is the dielectric constant, and
¥y . v is the Raman susceptibility for that mode. Although
each of the materials parameters is a function of tempera-
ture, only a, n (@), and y have a particularly strong tem-
perature dependence.

For a given alloy sample, the relative integrated intensi-
ty for the three peaks as a function of temperature depends
only on the factor

[n(wx—-y)‘%‘i“lfx-‘y;z’ (33

because the other material-dependent terms, such as the ab-
sorption coefficient, are overall material properties and
therefore are the same for each local mode. Since

Do Ge <Pgesi <Dsisi {4}
for all T under examination, it follows that
#{@Dsece } > M Bpesi } > M(@gi5;) (3)
and
dn(@g..c.) S dn{wees; ) S dnios.s) )
ar d7r dr

Using these relations and the experimental observations
some qualitative statements can be made concerning the
temperature dependence of the Raman susceptibilities in the
frequency shift regime of the three Ge-8i peaks at 5145 A for
roughly the 300-800 K temperature range. (y is assumed to
be > B here.) Since the Raman scatiering rate for each mode

(6)
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decreases with temperature, using Eqs. (2) and (6):

dRX—-Y
et & (3 Ta}
ar (7a)
leading to
_g_( Xx- v )< B i dn{wy_ y)
dT \a; + ag inley vy} + 1] ar
x(——-—wzx"y ) (7b)
&y +dg
and
dyx_ v <XX_ ¥ (__ i dn{wy v}
ar 2 [nloy_y)+1]  dT
d
i (o, +as)>? (7¢)
(e +ag) ar

where the first term on the right-hand side of Eq. {7¢) is
negative and is straightforward to calculate (neglecting the
stow temperature dependence of wy _ 5 ), while the second
term is positive and may be roughly estimated from the Ref.
14 data for Si.

Furthermore, since the ratic of the Raman scattering
probabilities for the Ge-8i and Si-Si {and also for the Ge-Ge
and Ge-Si) local modes is observed to decrease with tem-
perature, for the mode pairs 4-8 /C-D = Ge-Ge/Ge-8i, Ge-
81/8i-8i, or Ge-Ge/Si-St:

d {R*E
EF(RC-D)<O’

or using relation (3}:
d (”(&’JA»B) + 1 Xi»l?) )
— <G,
dT \#(wcp) + 1 ¥i,
and then using Bq. (8):
1 dXasp 1 d¥co
X4 9T  XYco dT
& = =N (n(wA'B—)—j—_—l—) <,
2 dT alwep) + 1
where the right-hand side is straightforward to calculate.

(82}

(8b)

{8c)

3. Real-time monitoring of affoy formation

The Raman spectra obtained in real-time during writing
were also monitored. They were similar to those obtained
post-deposition with the same laser power, and resembled
the high-laser power Raman spectra in Fig. 7. Consistent
with this observation, the Si-8i peaks were typically larger
than the Si-Ge and Ge-Ge peaks even when Ge-rich alloys
were written. Monitoring the real-fime spectrum was par-
ticularty useful in determining whether melt alioys were be-
ing formed during the pyrolytic deposition of Si on Ge.

Y. CONCLUDING REMARKS

Several methods of thermally induced localized Ge-Si
altoy fabrication have been investigated here. Pyrolytic sili-
con deposition on simultanecusly-laser-melted Ge produced
Ge-Si alloys with compositions ranging from highly Si-rich
to highly Ge-rich stoichiometries. In the codeposition of al-
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loys from silane/germane mixtures, the germane reactant
decomposed approximately six times faster than the silane.
This observation was independent of silane/germane ratio,
laser power, and the details of the absorbing substrate. How-
ever, the crystallinity of the Ge-Si depended strongly on the
substrate properties. Of those direct-laser writing techniques
investigated here, the most reliable method of Ge-Si alloy
formation is probably codeposition from silane/germane
mixtures, especially on substrates which do not melt during
laser chemical vapor deposition.

Raman microprobe analysis proved to be a valuable
in situ diagnostic of the Ge-8i alloy properties. Some uncer-
tainties in the determination of the alioy stoichiometry using
this technigue were noticed, which were attributed to the
dependence of the 8i-8i, Ge-8i, and Ge-Ge local mode Ra-
man shifts and peak widths on the natore of the alloy mor-
phology.
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