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X-ray-reflectivity study of Ge-Si-Ge films
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Here we report on an x-ray specular reflectivity study of Ge-Si-Ge trilayers grown(081psingle-crystal
substrate by ion beam sputtering deposition at various substrate temperatures. The electron-density profile of
the trilayer as a function of depth, obtained from x-ray-reflectivity data, reveals an intermixing of Si and Ge.
The x-ray-reflectivity data have been analyzed using a scheme based on the distorted-wave Born approxima-
tion, and the validity of the analysis scheme was checked using simulated data. Analyzed results provided
information regarding interdiffusion in this system. We naotice that although the Si-on-Ge interface is sharp, a
Siy.4Gey g alloy is formed at the Ge-on-Si interfadé&s0163-18206)01947-9

I. INTRODUCTION film from this EDP, and obtain interesting information re-
garding interdiffusion in Si-Ge interfaces.

Silicon-germanium multilayered structures are being stud- The data could be analyzed using this scheme because it
ied actively for their possible device application§he de- was observed that the diffuse scattefingtensity in these
vice performance strongly depends on the quality of the difSamples is negligible. We also confirmed by taking diffrac-
ferent layers in multilayers, and that in turn depends on thdion data that the samples are not epitaxial. This indicates
growth proces. Characterizing the chemical profile of a that the in-plane correlation lendtts very small, and simul-
multilayer film across the depth with angsticesolution is  taneous analysis® of specular and diffuse data is not re-
of immense techn0|ogica| importance_ Various techniqueguired. As a result we assumed that a series of SliceS, which
are available to characterize the depth profile of the filmepresent laterally averaged refractive-index depth profile,
such as, Secondary_ion-mass Spectroscopy, Auger e|ectr§|q.n be used to analyze the background subtracted reﬂeCtIVIty
spectroscopy, and X-ray photoemission spectroscopy. Moﬁata:.l'o To test this method of GIXR data analySiS, we carried
of these techniques are destructive, and have various uRUt & simulation study for a model Ge-Si-Ge trilayer on a Si
wanted effects such as preferential removal rates, intermixdubstrate that is similar to our samples.
ing and alloying during the analysis process. Grazing inci-
dence x-ray reflectivityGIXR) is a nondestructive technique Il. EXPERIMENTAL DETAILS
which can give information about the chemical profile across

the depth of the film without any unwanted effects during the, The S1001 single-crystal substrates were cleaned by va-
; ; i o ;
data collection. GIXR yields informatidn® about layer por degreasing, then dipped in 10% HF to remove the native

. . . ; oxide, and subsequently rinsed in flowing deionized water.
thicknesses, surface and interfacial roughnesses and, in gefq g pstrates were then loaded in the vacuum chamber with
eral, the electron-density profil&DP) as a function of depth

) . . a target to substrate distance of 8 cm. The IBSD system
z, taken to be zero at the top of the film, and this techniqu g y

I Kauff - i f 3- i . Th
has been applied recently in Si-Ge systémi GIXR mea- :émp oys a Kauffman-type ion source of 3-cm diameter. The

) : . r-ion beam with an energy of 1 keV and a current of 3-mA
surements, the intensity of th_e scatte_red_ X ray IS measurg tensity is incident on the target at an angle of 50° to the
from a sample surface, keeping the incident and scatter

o rget surface normal. During the sputtering the pressure in
angles equal. The specular x-ray reflectivity data as a functhe chamber was maintained ak20~-° torr. Eilms were

tion of the vertical component of the momentum transferdepoSited onto the substrates maintained at 1G@afmple 1
gz [=2k=(4x/\)sinG, where ¢ is the incident angle and .4 400 °c(sample 2, with a rate of deposition of 0.3 and

A is the x-ray wa}velengﬂn.is obtained from this Measure- g 56 Ass for Si and Ge, respectively. The nominal thickness
ment by subtracting the diffuse background x-ray |ntenS|ty.Of the Si layer was estimated to be about+35 A

Though the experiment seems to be straightforward, and c :
yield the EDP of the film, analysis of the reflectivity data stiIlafgohr(rjnefgr ucs-:‘i?\gSi4hiéh—Sa!s)éﬁjtiomneag::‘frr?argggrt]sete\évoe;&rI)F()er

remains a difficult task. MICROCONTROLB with Cu K, ; x rays obtained from a

In this paper we present results of a GIXR study of Ge- . !
. : . 18-kW rotating anodéEnraf Nonius FR59)1x-ray generator
Si-Ge trilayer grown on a $801) single-crystal substrate and S{111) monochromator.

using the ion-beam sputtering depositidBSD) technique.
We analyzed the x-ray reflectivity data using the distorted-
wave Born approximation technique, and extracted the EDP
of a multilayer film without assuming priori distribution. We now present a brief description of the analysis tech-
We can determine the chemical composition of the Ge-Si-Gaique, and demonstrate its utility in Ge-Si-Ge systems using

lll. SIMULATION
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10" - present scheme was used to fit the generated curve to obtain
h back this trilayer EDP. For fitting the generated reflectivity
10°4 . 2 curve we decided to choose 14 slices of 10 A each, thus
4] 2. (d) overestimating the total thickness of the film. The AED
1073 T (po) of the film was taken to be 1.1337A. No a priori
1024 Sias e -~ distribution was assumed in EDP, and the starting estimates
Bos } of all Ap;’s were taken to be zero. In Fig(d) we show the
1073 woie) " : obtained EDP of the film from the present scheme. This EDP
§‘10_4_3 | matches well with the original profile, but we notice a small
.E P fluctuation around the original value. We also observe that
3 10754 / (a) our overestimation of the film thickness led to a determina-
= E tion of the EDP of the substrate at the proper place. The
g 10°7 generated reflectivity curve using Parrat's formalism with the
107 ] 1 ° original EDP and the obtained EDP from the present scheme
4\ (b) is found to be identicalrefer to Fig. 1a)].
1078 2, Next we studied the effect of the interface lying within a
o ] §12 } box. By assuming Ge/Si/Ge has thicknesses 40/45/35 A, and
1078 ¢ H .‘, . by keeping the box sizes at 10 A, the interface of Si/Ge is
10-101: E}‘“’ (f) (c) forced inside the ninth box. The reflectivity curve for the
jw * ® z(A;O e above profile is shown in Fig.(h). The EDP obtained using
10" T — the present scheme is shown in Fi¢e)1We observe that the
0.0 0.1 0.2 0.3 0.4 AED of the ninth box at z90 A is the weighted electron

qz(j:\'1) density of Si and G(1.35+ 0.7)/2]. The reflectivity curve
generated using the obtained EDP is considerably different
[the solid line in Fig. 1b)] from the original reflectivity
curve[open circles in Fig. (b)]. The fit cannot be improved
unless the box size is reduced to represent the EDP properly.
We also tried to see whether the intermixing of layers can
be detected using this scheme. We took a model system
GelGe, gSig /SiIGey Sip dGe with layer thicknesses of 30/
20/20/20/30 A each. In Fig.() we show the obtained EDP
simulated data. Following Ref. 3, where the film was consid-2nd the generated reflectivity curve from the original EDP,
ered to be composed of a number of thin slices or boxes gtnd the obtained EDP in Fig.(d. The EDP marked by
electron densityp;, the reflectivity of the film using the arows in Fig. 1f) indicates the intermixing of Si/Ge

distorted-wave Born approximation is given as (Geo 6Sip.4 and Gg 4Sig.q). The above simulation studies re-
veal that one can obtain the chemical composition of the film

2 across its depth from x-ray specular reflectivity data if the
; proper size of the box is chosen. We now use the above
1) method to analyze the specular reflectivity data of IBSD Ge/
Si/Ge trilayers on the $)01) substrate described earlier.
wherer o(k) is the specular reflectance coefficient of the film
with an average electron densi%&ED) p,, andAp(q;) can
be writter*%in terms ofAp; (=p; - po) of thicknessd of

theith box as In Figs. 2a) and 2b) we show the x-ray reflectivity data
=N of Ge/Si/Ge trilayers deposited at 100 {€ample ] and at
. g 400 °C(sample 2, respectively. The period of oscillations in
Aplaz)= @[(Z‘z (Apj=Ap;-1)eXplidy (] _1)d)) the reflectivity curve characterizes the thickness of the lay-
ers. The amplitude of the oscillations depends on the contrast
of the AED’s at the interfaces. From Fig. 2 we see that the
' 2 period of oscillations of the reflectivity curve for sample 1 is
greater than that of sample 2, indicating that the layer thick-
whereN is the total number of boxes used in the calculationness of sample 1 is less than that of sample 2. We also
Other parameters are defined in Refs. 3 and 11. By selectingbserve that the amplitude of oscillations of the reflectivity
an appropriate number of slices gpglof the film, we fit Eq.  curve for sample 1 is larger than that of sample 2, which
(1) with Ap; as the fit parameters after convoluting the datashows that the contrast in AED’s at the interfaces for sample
with a Gaussian instrumental resolution function. 1 is larger than sample 2. To quantify the above observa-
To test this analysis scheme, we simulated the data btions, we use the method of analysis of the x-ray specular
generating a reflectivity curve for a Ge/Si/Ge trilayer havingreflectivity data discussed above. To fit the reflectivity curve
a thickness of 40 A each on a silicon substrate using Parrat'sf sample 1 we used 25 boxes of 8 A each to model the
formalismt? [open circles in Fig. @8)]. The AED’s of Ge and trilayer film. The best fit of the reflectivity curve was ob-
Si were taken to be 1.35 and 0.7 Rrespectively. The tained using, of the film to be 0.85 A3 (for an ideal case

FIG. 1. (a—(-c) X-ray reflectivity for the model system@&e-
scribed in the text[ O, simulated data; solid line, fit(d)—(f) Elec-
tron density profile(EDP) of the model(solid line) and that ob-
tained from the fit @) for the three model systems studied. In this
and other two figures, reflectivity profile have been shifted verti-
cally for clarity.

(27h)
k

R(k)=|iro(k) + @%(k)Ap(qf)+b%(k)Ap*(ah)

IV. EXPERIMENTAL RESULTS AND DISCUSSION

+Apy—Apyexp(igiNd)
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FIG. 3. (a) Packing fraction as a function of depth for sample 1
FIG. 2. (a) and (b) X-ray reflectivity for a Ge/Si/Ge trilayer (solid line: linear fi}. (b) Normalized electron density as a function
deposited with a substrate temperature of 100(8@mple 1 and  of depth for sample 1(c) Concentration of Si@®) and Ge Q) as
400 °C(sample 2, respectiveljf O, data; solid line, fil; (c) and(d) a function of depth for sample (efer to the text for detai)s

EDP obtained from the fit to the above data for 100(3&mple 1 ]
and 400 °C(sample 2, respectively. perature. Using hydrogen as a surfactant supresses Ge segre-

gation at the Si/G@01) interface'® Ge segregation is ob-
_ _ served even in Gg ,Si,/Si interfaces grown by MBE? but

the value ofp, for the trilayer should be 1.137&; the sig- it can be supressed by having an adlayer of Ga on the surface
nificance ofp,=0.85 A 3 is discussed below The absorp- of the growing structuré’ Recently it was demonstrated
tion coefficientu for the film was also found to be low that an antimony layer deposited on the interface of
~1.73x10°5% A" for the best fit g for bulk Si is Ge;_,Si,/Sican also prevent the intermixing of Si and e.
1.43x10°% A=, and for bulk Ge is 3.3810°% A~*; hence The obtained low electron density of the sample may be
for an ideal film the averagedw should be around due to defects, pin holes, voids, or amorphous or poor
2.73x10°% A%y, crystallinity? From the obtained EDP one can estimate the

The obtained EDP of sample 1 is shown in Figc)2 packing fraction of the film as a function of depth. The pack-
Since the thickness of the film was overestimated, we deteéhg fraction is estimated in sample 1 from the ratio of the
the substrate starting from 150 A. The EDP clearly showselectron density at the centers of the Si and Ge regions ob-
three distinct regions: the two-electron-density maxima fortained from the analysi&ssuming that at these regions no
the Ge layers, and a minimum due to the Si layer betweeintermixing has occuredand the electron density of single
the two Ge layers. The obtained electron densities of Ge ancrystal Si and Géwithout defecty respectively. In Fig. &)
Si of the film are found to be low. We also see a lowering ofwe plotted the packing fraction of sample 1 as a function of
the electron density at the surface due to surface roughnessepth obtained at four regiorighe Ge, Si, and Ge regions of
With this EDP we generated the reflectivity curve using Parthe EDP of the layers and the Si substyaWe approximate
rat's formalism. We show this in Fig.(@ (solid line) along  the variation of the packing fraction as a linear function of
with the experimental datéopen circles depth[refer to Fig. 3a)]. For amorphous SiRefs. 19 and

Similarly, for sample 2 we divided the film into 38 boxes 20) and amorphous G&;?!a density up to 30% lower than
of 8 A each. The best fit of the reflectivity curve was ob-the bulk crystalline value has been observed depending on
tained taking po of the film to be 0.80 A3 and u the deposition condition. The reduction of electron-density
~1.73x10 ¢ A%, the same as in sample 1. The obtainedvalues found in our analysis is within this limit. By taking
EDP is shown in Fig. @). The substrate starts from 200 A, the ratio of the obtained EDP with the packing fraction, we
and we also observe that a strong intermixing has occurredbtain an EDP which takes into account the porosity of the
The first layer of Ge has diffused into the substrate and intdilm [refer to Fig. 3b)]. The maximum value of EDP at
the middle Si layer, modifying the EDP of the film as shown ~20 and 100 A now corresponds to the electron density of
in Fig. 2(c). In earlier works:>~18it was observed that Ge the two Ge layers, and the minimum values-&88 and 200
segregation occurs on (8D1) surface during molecular- A correspond to the middle layer of Si and the substrate,
beam epitaxia(MBE) growth. This segregation increased to respectively. In Fig. ), for depth greater than 120 A, one
a maximum at around 450 °C, and decreased above this terobserves diffusion of Ge into the Si substrate. We observe an
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interesting feature in EDP at the Ge/Si interfaces. There is asing MBE has been studied recerftfyThe values ok and
flat region(having a constant electron dengiig the EDP at  1-x which are greater than 1 and negative are due to the
each Ge-on-Si interfacémarked by arrows at~40 and linear approximation of the packing fraction. In the case of
~120 A), in contrast to a linear variation in the EDP at the sample 2, a strong intermixing of Si and Ge makes it difficult
Si-on-Ge interface, indicating a sharp interface within theto extract the packing fraction and, as a result, the exact
resolution of our measurement. It was observed e&flibat,  composition across the depth, but one can qualitatively ob-
in MBE-grown samples, a Ge-on-Si interface shows highetain the composition from the EDP shown in FigdpR
rms roughness than a Si-on-Ge interface. To summarize, we demonstrated that the compositional
We calculated the chemical compositior) (across the profile across the depth of a thin film can be obtained by a
depth of the film from the EDP valu¢for Si,Ge;_, with an  proper analysis of specular reflectivity data. We illustrated
electron density of 0%+ 1.35 (1x) at each point This is  this method using simulated data and measured reflectivity
shown in Fig. &). From this figure we observe the forma- data of Si/Ge/Si trilayers, grown using the IBSD technique.
tion of at least a 16 A-thick 3i,Ge, s alloy at the Ge-on-Si  We observed that the intermixing of Si and Ge is low at low
interfaces az~40 and~120 A (marked by arrows This  temperature, and increases at high temperature. We also ob-
alloy formation is not observed at the Si-on-Ge interface. ltserve that although the interface formed by Si over Ge is
is knowrf? that in the growth of heterostructures containingsharp, a Sj.Gey ¢ alloy is formed at the interface when Ge
two materialsA andB, one of the interfaces, for example, is deposited over the Si layer. Work is now in progress to
on B, can be abrupt whereas tlion A interface can be grow better Si/Ge multilayers using IBSD, and the described
diffuse. We feel that in the diffuse interface the alloy x-ray-reflectivity analysis scheme will provide very valuable
Sip.Geg g has formed. Sj,Geyg On a Si substrate grown feedback for the growth process.
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