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We have investigated the crystallization of amorphous germanium films on GaAs crystals using
nanosecond laser pulses. The structure and composition of the crystallized layers is dominated by
nonequilibrium effects induced by the fast cooling process following laser irradiation. Perfect
epitaxial films are obtained for fluencies that completely melt the Ge film, but not the substrate. For
higher fluencies, partial melting of the substrate leads to the formatio@®as, _,Ge,, epitaxial

alloy with a graded composition profile at the interface with the substrate. Since Ge and GaAs are
thermodynamically immiscible in the solid phase, the formation of the alloy is attributed to the
suppression of phase separation during the fast cooling process. Lower laser fluencies lead to
polycrystalline layers with a patterned surface structure. The latter is attributed to the freeze-in of
instabilities in the melt during the fast solidification process. 2@01 American Institute of
Physics. [DOI: 10.1063/1.1390312

I. INTRODUCTION An interesting question associated with laser crystalliza-

Pulsed laser crystallization(LC) of amorphous films tion is how the structural properties of the irradiated layer
proceeds through the heatifend eventually meltingof the ~ and its interface with the substrate are affected by the fast
amorphous layer induced by the absorption of a short lasghelting and cooling times induced by laser irradiation. In
pulse and the subsequent solidification in the crystallinghis contribution, we address these questions by investigating
phase. In its essence, the solidification process resembles lithe heteroepitaxial laser crystallization of an amorphous ger-
uid phase epitaxyLPE). Contrary to conventional LPE, LC manium(a-Ge) film on (100)-oriented crystalline GaAs sub-
allows for a fast melting of the amorphous film through ab-strates. This system represents an ideal one for studies of
sorption of the laser pulse and for very high cooling ratesnonequilibrium effects on epitaxial crystal growth induced
The latter has been explored in investigations of nonequilibby fast cooling rates since crystalline Ge and GaAs are al-
rium phenomena during solidification. As far as the substratenost ideally lattice matchef@attice constant mismatch less
is concerned, LC is essentially a low temperature procesthe 0.1% and have similar thermal expansion coefficients. In
since only its region in contact with the amorphous film isaddition, Ge and GaAs are thermodynamically immiscible in
exposed to high temperatures, and this for a very short timeghe solid phas&? so that the Ge/GaAs interfaces are ex-
This feature has turned LC into a standard technique for thpected to remain abrupt after crystallization. By studying
fabrication of large area polycrystalline films of electronic material intermixing and interface broadening induced by the
quality on low-cost substrates. laser pulses one can, therefore, obtain information about

Previous investigations of the LC process have mainlynonequilibrium effects on phase separation. In addition, the
addressed the homoepitaxial crystallization of an amorphouspitaxial growth of Ge on GaAs provides the GaAs technol-
film on a crystalline substrate of the same matef@lj., ogy with a low band gap material, which may be important
amorphized silicon on silicéh or the crystallization of the for applications requiring monolithic infrared detectors for
amorphous film on a dissimilar substrae.g., silicon on  energies below 1.4 eV.
glass). The epitaxial laser crystallization of amorphous lay-  The investigations reported here were performed using
ers on a crystalline substrate has also been studied: examplRaman scattering and transmission electron microscopy
are the crystallization of SiGe® and of SiGeC layefson ~ (TEM). We demonstrate that the nanosecond melting and
silicon substrates. cooling of the Ge layers do not prevent crystallization in the
form of high-quality dislocation-free epitaxial films with
3Author to whom correspondence should be addressed; electronic maifharp interface with the substrate. The best epilayers are ob-
santos@pdi-berlin.de tained for laser fluencies sufficiently high to melt the Ge
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film, but not the substrate. Outside this fluency regime, non- 3000 T
equilibrium phenomena dominate the crystallization process.
Higher fluencies melt not only the a-Ge film but also the
substrate: the fast cooling rates induce, in this case, the for-
mation of a homogeneous epitaxiéGaAs;_,Ge,, layer
with a composition close to that in the melt. The interface
has a graded composition profile ranging between that of the 7
substrate and that of the film. Since Ge and GaAs are ther- 0
modynamically immiscible in the solid phase, the formation -3 2 -1 0 1 2 3
of this graded composition range without phase separation Position (mm)

ylelds dII’eC_t eVIdence_ for th.e nonequ"lb“um Condltl(.)ns FIG. 1. Spatial distribution of laser fluency over the Ge surfacsed for
present during the rapid cooling down of the molten film. irradiation with a laser pulse with energy of 80 mJ and diameter of 4 mm.
Lower laser fluency leads to crystallized layers with a peri-The approximate fluencies in regioss-D are: (A) less than 400 mJ/ch
odically patterned surface. This structure is assigned to thé) 400-900 mJ/cry (C) 900-1100 mJ/cfy and(D) 1100-1300 mJ/cha
excitations of capillary waves in the mékwhich, under

appropriate conditions, may trigger the solidification process

and freeze-in as a periodic surface undulation during the fadg"gthsAr in order to probe different film depths. The inci-
cooling process. dent light propagating along||[001] was polarized along

the x||[100] direction and the scattered light was analyzed

either along x||[100] (z(xx)z configuration or along

Il. EXPERIMENT y||[[010] (z(xy)z configuration. Note that only thez(xy)z
configuration is symmetry-allowed for deformation potential

MRaman scattering from longitudinal opticlO) phonons*

N
[=]
[=]
o

Fluency (mJ/cm?)
>
o
o

The samples used in these studies consist of 100-n
thick Ge films deposited oL00)-oriented GaAs using the
ion-beam-assisted sputtering deposition system described in
detail in Ref. 11. The target of 99.999% undoped germaniun!l- RESULTS AND DISCUSSION
was bombarded by a beam of Kions produced by an ion A, Crystallization dynamics
gun (beam energy of 1000 eYand the sputtered Ge atoms

were deposited on the surface of the GaAs wafers kept a Typical TR reflection profiles obtained during the irra-
210°C. Prior to Ge deposition, the GaAs surfaces Weréjiation with the pulsed Nd:YAG beam are illustrated in Fig.

e?d The duration of the laser pulse is indicated in the lower
part of the diagram. For low pulse fluenciggg. 2(@)], the
JR profiles have a pulse-like shape with width comparable to
@at of the crystallization pulse. Higher fluencies Idafl

heated to 350 °C and bombarded by hydrogen ions produc
by a second ion gutbeam energy of 30 eMor 60 s.In situ
monitoring using x-ray photoelectron spectroscopy showe

that this procedure efficiently removes contaminants and th
P y Figs. 2¢c)—2(d)] to a plateau in the TR profile with a duration

native oxide present at the surface. hat d q e fi The bl i buted to th
The crystallization experiments were performed usingt at aepends on pulse fluency. The plateau is attributed to the

single pulses from a frequency-doubled Nd:YAG laskr ( formation on the film surface of a molten germanium layer
=532 nm. The width of 7 ns of the Nd:YAG pulses is
shorter than those of over 20 ns of conventional excimer

lasers. The ns melting and cooling time scales employed here Ep P

are substantially shorter than in previous investigatfolis. (mJ/em?) | Ge/GaAs

The laser beam profile was homogenized using a vacuum /L__E ! 5

spatial filter, leading to a Gaussian- like intensity profile with __|(a) %0 £

a diameterpo=4 mm on the sample surface. The integrated % g 20 | _;’

intensity of the laser pulses was adjusted using an attenuator 3 2 w0l '

consisting of a half wave plate and a polarizer. The pulse % ] |

energy was measured for each pulse by deviating a portion of = [(0) 390 0

the laser beam to a detector. From the integrated intensity g ® e et

and from the diameter of the laser spot we determined the §

average fluenc¥, and its radial distribution over the laser S 670

spot, as illustrated in Fig. 1 for a laser pulse with energy of x |(© Ge/GaAs

80 mJ. The laser exposures were carried out in air and at Ap = 675 iy

room temperature. The crystallization dynamics was moni-

toredin situ by measuring the transient reflectiéfR) of a 1 1200 ++ laser

continuous wave diode lasek §=675 nm, incidence angle e ]

of 67.5°) during the irradiation with the Nd:YAG pulg2. 0 50 100 150
The structural properties of the crystallized samples Time (ns)

were mvestlgated using cross-sectional TEM and RamaIE—I_IG. 2. Time-resolved reflection profiles obtained during the irradiation of

spectroscopy. The Raman mea_surer_nents Were_ pe_zrformed &2 films on GaAs with laser pulses with average fluen&gsof: (a) 90
the backscattering geometry using different excitation wavemJ/cnt, (b) 390 mJd/cr, (c) 670 mJ/cr, and(d) 1200 mJ/crA.
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1. Region A

For low irradiation levels, the film structure corresponds
to that of the as-deposited samplesgion A in Fig. 4a)],
which is composed of aa-Ge matrix with small cone-like
crystalline inclusions starting at the GaAs/Ge interface. Most
of the inclusions form cones with the base at the interface
and apices in the-Ge matrix, some of them grow up to the
film surface. The Raman spectra of Figa@show that the
c-Ge line from the inclusiongat w, o=306.3-0.2 cmi %)
only appears in the(xy)z configuration, thus indicating that
they are crystallographically oriented with the GaAs sub-
strate. The spectrum in thg(xx)z configuration is domi-
nated by the broad Raman line from theGe matrix cen-
tered at about 280 cnt.

Raman Intensity (arb. units)

T R - 2. Region B
260 280 300 320
Raman shift (cm™)

For laser pulse fluencies between 400 and 900 nfJ/cm
(region B), the films develop a structure consisting of two
FIG. 3. Raman spectra measured at 10 K from Ge films on GaAs treateflifferent regiongFig. 4(b)]. Close to the Ge/GaAs interface
with laser pulses with energies in the ranges of inten&itd indicated in  the film crystallizes in the form of small grains with diam-
Fig. 1. The thin and thick lines were recorded in the backscattering geometrgtars petween 10 and 20 l‘[fBz in Fig. 4(b)] Some of these

with parallel[ z(xx)z, thin lineg and crossefiz(xy)z, thick lineg polariza- . . . .
tions of the incident and scattered radiation. The vertical dot-dashed IinegralnS are misoriented with respect to the substrate. Above

indicate the position of LO and TO phonons in bulk GaAs andsse Ref. ~ the layer of small grains, large grains develop with thick-
20). The 752.4 nm line from a Kr laser was used for excitation. The peaks nesses 0f~-80 nm and lateral dimensiorise., parallel to the

indicated by & are plasma lines from the Krlaser. surfacg of ~170 nm. The latter are much larger than the
thickness of the original Ge filnfregion B;). The large
grains are well aligned with the substrate and contain a large
, ) . 1315.18 ) density of twins and dislocations. The reduced phonon co-
with metal-like r?ﬂeCt'V'M 7 Note that the amplitude of orence induced by these defects is probably responsible for
the plateau, which depends on the difference between th@e rejaxation of the polarization selection rules for Raman
reflectivity of liquid and solid germanium, does not dependscattering, which is evidenced by the redshift of the phonon

on pulse fluency. The melting duration and the cooling timM&ine and by the large scattering intensities for the forbidden
increase with laser fluency. From the dependence of the plaz'(xx)z scattering configuratiofFig. 3(b)].

teau duration on laser fluendgf. inse) we estimate a flu-
ency thresho_ld for melting of th(_—:t _Ge film 6100 mJ/crA. is the pronounced surface roughenifamplitude of ~15

Due to the higher heat conductivity of the GaAs substrateSyy of the crystallized film. Surface roughening in laser
this fluency is considerably larger than those necessary tE’rystaIIized silicon films was investigated by Fork and

crystallize amorphous germanium films deposited on glasg,_\yorkersto They proposed a model for the phenomenon

substrates based on the excitation of capillary waves by crystallization
fronts propagating along the surfa®%The capillary waves
can be excited by the pressure exerted on the melt as the
material contracts upon melting or when it expands upon
solidification. In the case of laser crystallized silicon, the
The structure of the laser crystallized films dependsoughening is attributed to the latter procé3after nucle-
strongly on laser fluency. From TEM and Raman measureation takes place, two crystallization fronts propagating
ments performed at different positions over the laser treatedlong opposite surface directions will eventually trap a cap-
area, four structurally distinct region@enoted asA-D) illary wave: ridges with high surface amplitude are then
could be identified. The laser fluencies corresponding tdormed when the trapped wave freezes. The film structure
these regions are indicated in Fig. 1. They were determinedith the boundaries of the large grains coinciding with the
by performing several Raman measurements across a lassurface ridges, corresponds closely to that observed for the
irradiation spot. Characteristic Raman spectra of the four reerystallized Ge films in Fig. ).
gions are illustrated in Fig. 3. These spectra were recorded at A new feature in Fig. &), which is not fully accounted
10 K using the 752.4 nm line from a Krlaser for excitation.  for by the model described above, is the periodic nature of
Under these conditions, the Raman probe depth in crystallinthe surface roughening observed in some positions over the
germanium(c-Ge) (of ~100 nm) is comparable to the thick- sample. The periodic undulation becomes evident in the
ness of the Ge film, so that scattering from the GaAs subTEM micrograph of a large surface area illustrated in Fig. 5.
strate is also detected. The structural properties of each r&he undulation has a wavelength 6fL70 nm, which corre-
gion will be described in detail below. sponds to the lateral dimensions of the large grains in region

An interesting structural feature within fluency regime

B. Structural properties
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FIG. 4. Cross-section TEM micrographs ¢& as-deposited Ge/GaAs filnfsegionA) and after laser irradiation with fluencies in the regidbgsB, (c) C,
and (d) D defined in Fig. 1. The dashed line {d) marks the position of the Ge/GaAs interface before the laser treatment.

B,. The periodic nature of the undulation indicates that thel00-nm-thick germanium melt. For sufficiently low fluen-
crystallization process itself is triggered by periodic fluctua-cies, the melting time becomes comparable to the oscillation
tions with a lateral coherence length far exceeding the filmperiod and to the decay time of the capillary waves, as indi-
thickness. We propose that these fluctuations are induced kmated in the inset of Fig. Phote that the melting times are
capillary waves generateduring melting(and notduring  plotted as a function of the average flueriey). The modu-
solidification as suggested in Ref. L&\ possible scenario is lation in melt thickness induced by the capillary wdeéthe
described in the following: instabilities caused by volumeorder of 15% of the film thickness, cf. Fig(l®] leads to a
changes during laser irradiation generate capillary waves itateral temperature gradient with minima at the wave valleys,
the melt with a wavelength of approximately twice the film where the amount of stored thermal enefgyoportional to
thickness. Using the data for viscosity, surface tension, anthe film thicknesy is the lowest. These locations are then
density of liquid germanium from Ref. 19, we calculate anexpected to freeze first, thus triggering a crystallization front
oscillation period and a decay time both in the range from Jropagating laterally. After that, a mechanism similar to that
to 4 ns for capillary waves with a wavelength of 170 nm in adescribed in the last paragraph may then set in and lead to
the morphology shown in Fig.(d).

3. Region C

Irradiation with laser fluencies in the range from 900 to
1100 mJ/crh (regionC) results in epitaxial Ge films with a
sharp interface with the GaAs substrate, as shown in Fig.
4(c). The sample surface is perfectly flat in this case, thus
indicating that the instabilities that give rise to the undula-
tions in regionB had already disappeared when the film crys-
tallized. No structural defects like dislocations or stacking
FIG. 5. Cross-section TEM micrograph showing surface undulations fof@ults are detected in the epilayers, as it would be expected
fluencies in region B of Fig. 1. for perfect epitaxial growth of lattice matched materials.
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The atomic configuration in the interface region is illus-
trated in the high resolution TENHRTEM) image displayed
in the inset. The interface appears in the micrograph as a
dark region with a width of~2 monolayers. Due to the low
contrast difference between GaAs and Ge in HRTEM, the
dark region cannot be attributed to the intermixing of sub-
strate and film materials at the interface. Though specific
investigations have not been carried out to address its nature,
we attribute the dark region to residual impuritiéa the
submonolayer ranggresent on the surface of the GaAs wa-
fers prior to the Ge deposition, which remain trapped at the:g, 6. park field TEM micrographs obtained from reflections from the
interface after the crystallization process. The low impurity{200 planes perpendicular to the Ge/GaAs interface for fluency regans
concentration does not disturb the perfect atomic alignmen® and(b) D [cf. Fig. 1(b)]. The insets display intensity profiles of th200]
across the interface after laser crystallizaﬁcms illustrated r_eﬂex across the interface recorded along the scan line indicated in the
in the high resolution images displayed in the inset. Theﬂgure'
Raman spectrgFig. 3(c)] display a strong Ge-like LO line in
the z(xy)z configuration and almost no scattering in the
z(xx)z forbidden geometry, in agreement with the predic-Perpendicular to the interface. The tilt angle was adjusted in
tions for an epitaxial layer. We conclude, therefore, that thetn identical way for both image conditions; the thickness of
high temperatures and fast cooling rates present during lasée specimen regions is also comparable in both cases. As
crystallization do not prevent crystallization in the form of e€xpected, the Ge epilayers and the GaAs substrate appear,

high-quality, dislocation-free epitaxial films with sharp inter- respectively, dark and bright in both micrographs. The effec-
face with the substrate. tive width of the Ge/GaAs interface in regi@) of ~2.5 nm

[cf. Fig. 6@)], is determined by the instrumental resolution
for this particular measurement conditions. In reg@rihe

4. Region D interface width increases to 25 nm.

We attribute the interface broadening to the formation of

GaAs interface remains abrupt and essentially undisturbe@” gpltaX|aI(GaA31,XGe2X glloy_wﬂh a wide range of com-
during the crystallization process. The laser fluency in thesR0SItIONS X through interdiffusion, when the material is
cases is sufficiently strong to melt the Ge layers but not thé:neItEd by the laser puls:_a. As r_nent_lon_ed b_efore, Ge gnd
GaAs substrate, which has a 300 K higher melting ptime GaAs 9are thermodynar_mcally immiscible in the solid
melting temperatures of Ge and GaAs are 1210.4 and 151%}""15&' _The fact_ that the mterf_ace alloy forms wﬂhout_phgse
K, respectivel§®). When the fluency exceeds 1100 mJ¥cm sepa_re}tlon prov@gs dlre.ct ev@e_npe _for the nonequilibrium
[regionD, Fig. 4(d)], the original Ge/GaAs interface moves conditions prevailing during solidification.
towards the substrafey 25 nm in Fig. 4d)], thus indicating
that the latter also mel{she original position of the interface _ N
is indicated by the dashed line in Fig(d¥]. The interface C: Film composition
also becomes significantly broader, thus evidencing consid-  |nformation about the composition of the laser crystal-
erable material intermixing. It is interesting to note that inlized films and about the degree of intermixing with the sub-
the region from the interface up te30 nm from the surface strate can be obtained from Raman spectroscopy. The Raman
[denoted as regioD, in Fig. 4d)], the Ge layer crystallizes spectra of the crystallized laye(&ig. 3 display a strong
epitaxially with structural properties similar to those found in Ge-like LO line in thez(xy)z configuration. In the epilayers
region C. The epitaxial nature is also reflected in the large[Figs. 3c) and 3d)], there is almost no scattering in the
ratios between the Raman intensity in thixy)z and the  z(xx)z geometry, in agreement with the selection rules for
z(xx)z scattering geometriefFig. 3(d)]. Near the surface deformation potential Raman scattering. The Raman lines for
[regionD,], however, the TEM micrographs reveal the pres-the epilayers, however, are redshifted, asymmetric, and con-
ence of inclusions in the crystalline Ge matrix. These inclu-siderably broader than for bulk Génewidth <0.9 cm * at
sions have lattice constants and crystallographic orientatiopyw temperatures
differing from that of the surrounding Ge matrix. The position and width of the Ge Raman line is expected
Dark field TEM analysis was applied to compare theto be sensitive to stre<8 doping?'?2 grain size!®?*?*and,
interface sharpness in regio@sandD in more detail. For in the case ofGaAs,_,Ge,,, to the compositiorx.?>~%’In
that purpose, we exploit the fact that the (200) and ti39f2 the present case, the grain sizes are large enough to have a
reflections are kinematically forbidden for the diamond Genegligible effect on phonon frequenci¥sThe presence of
structure, but not for zinc blende GaAs structure. The crossdefects within the grains, however, may limit the phonon
sectional samples were tilted out of the exddtO) zone axis coherence length in a similar way as grain boundaries do,
position in order to produce strong diffraction by only the leading thus to a red-shift of the Raman line. In regi@s
{200, atomic planes which are parallel to the interfg@00,  and D,, which correspond to epitaxial films, stress effects
dark field images of region€ andD are displayed in Figs. can also be discarded due to the good lattice match between
6(a) and Gb), respectively, together with intensity line scans GaAs and Ge.

For pulse energies corresponding to regi8r€ the Ge/
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following scenario for the crystallization process in fluency
regionsC andD. When thea-Ge films melt upon laser irra-
diation, the GaAs material in contact with the film partially
dissolves into the melt. Since diffusion processes are very
fast in the liquid state, the concentration of Ga and As spe-
) ‘ L cies is expected to be relatively homogeneous in the melt and
05 (') 0‘_5 1 1‘_5 2 to achieve values comparable to the gquilibrium ones at the
Radial Position (mm) melt temperature. .Due to the d|ssolut|on.process_, the inter-
face between the film and substrate remains relatively abrupt
FIG-t7h- I?ependerlee olf the energlxlf_ ofdthe C?_?-Iike Raman lir:e on rr)lqsitioreven when a large concentration of substrate species is in-
e e Sy s o om o e i COTPOtec N0 the melc. Fig. 6L The mel: cools dovn
are relative to the position of the LO Raman line from crystalline germa-mamly through heat extraction across the interface with the
nium at room temperature. The Raman measurements were performed gubstrate. The epitaxial regrowth starts from this interface.
room temperature using excitation wavelengths of 514.5sgmare, prob- During the fast regrowth, a concentration of Ga and As spe-
ing depthdz=8.5 nm and 752.4 nmtriangles,dz=80 nm. The triangles  ¢jes corresponding to the equilibrium concentration at the
display results measured with the 752.4 nm line at 10 K. . . . . .
freezing temperature is frozen-in the solid. The fast cooling
rates prevent subsequent phase separation in the solid phase,
dhus yielding a homogeneou&aAs; ,Ge, alloy with a
compositionx close to that present in the melt. High laser
unity.2>-2 thus suggesting that the modifications in the Ra-fluencies(as for regionD) may lead to a high concentration

man line are associated with the incorporatiand possibly ~ Of substrate species in the melt. The inclusions in regign
doping of Ga and/or As atoms from the substrate. According ¢l Fig- 4d)] may arise from the precipitation of a Ga-rich

to Ref. 25, the incorporation of substrate species leads to ghase when a large amount of substrate material dissolve_s in
substantial broadening and to a redshigt of the Ge-like the melt and As atoms effuse from the sample. In fact, a high
LO line (w,o). The latter can be expressed asi= Ga concentration near the surface was reported for Ge/GaAs

— dw.0/3(1—x)=0.28 cm Y% of GaAs incorporation in structures annealed using a cw la5&urther experiments

Ge for 0.8<x<1. In order to obtain information about the &€ underway to clarify this point.
composition of the films, we will assume that the same

mechanism applies for the laser crystallized layers. In thidV. CONCLUSIONS

case, we estimate from the o positions in Fig. 3 effective
(i.e., averaged over the film thicknggsaAs alloy fractions
Xei= 5.5+ 1.5% andx.s= 9=+ 1.5% for regionsC andD, re-
spectively.

Information about the composition profile in the growth
direction can be extracted from Raman measurements wit
different excitation wavelengthgand, therefore, different
probing depths Figure 7 displays the frequency shift of the
Ge-like LO Raman lindrelative to the frequency of the Ra-
man line for bulk Ge at room temperatiyras a function of
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2 attributed to the inclusions observed in regiop.
1 {5145 nm : : A A The effective alloy fractionx¢ determined above fall
0 :;g:: :2(10 K)i : within the range of equilibrium compositions calculated for
g i { (GaA9;_,Ge,, alloys’ of x~3% andx~ 10% at the Ge and
oL i B { A GaAs melting points, respectively. These results suggest the

Peak Shift (cm™)
')

The shape of the Raman spectrum is similar to thos
reported for Ge richGaAs,_,Ge,, alloys with x close to

In conclusion, we have investigated the structure and
composition of pulsed laser crystallizeeGe films on GaAs
and correlated these properties with the laser irradiation con-
ditions. The film properties depend sensitively on the irradia-
ion fluency, which controls the thickness of the molten Ge

yer and the melt duration. Under appropriate conditions,
laser crystallization can be employed to produce epitaxial
layers with high structural quality on GaAs.
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