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D, temperature-programmed desorptid@iPD) has been used to probe pathways for hydrogen desorption
from Si, _,Ge,(001) surfaces. The experiments were performed on Ge-adsor®1)SBi-adsorbed G602),
and Sj_,Geg,(001) alloy layers grown on §101). The depositions were done in ultrahigh vacuum usingl$i
and GeHg gaseous precursors. Immediately following partial monolayer or alloy film grdant, in some
cases, postdeposition annea)inthe samples were quenched<@00 °C, H exchanged for D, and,O'PD
carried outin situ. All TPD peaks were fit using standard Polanyi-Wigner desorption models. Both the Si and
the Ge monodeuteride desorption energies were found to decrease linearly with increasing Ge coverage. In
addition, a comparison of adsorbed-layer and alloy film results shows that deuterium desorption energies
depend not just upon the surface-layer Ge coverage, but on second-layer Ge concentration as well. Finally, we
show that, in contrast to some previous models, hydrogen desorption from Si sites occurs directly, rather than
via diffusion to and subsequent desorption from lower-binding energy Ge sites. We briefly discuss the conse-
guences of these results for modeling gas-sourge,Sig, growth kinetics[S0163-18208)07632-2

I. INTRODUCTION we report results from experiments designed to probe the
pathway for hydrogen desorption from,SjGe(001) sur-

Si, _,Ge /Si heterostructures are of interest for device ap-faces. For these studies, Ge-adsorbe@®), Si-adsorbed
plications incorporating both band-gap engineering and th&€001), and S _,Geg,(001) alloy surfaces were prepared by
lower holé (electrorf) effective masses, and hence higherGS-MBE from SjHg and/or GgHg exposures as a function
hole (electron mobilities, associated with Si,Ge, layers of. temperature. TPD was then u_sed to quanti_tatively deter-
strained in compressiofitension. Heterojunction bipolar Mine hydrogen desorption energies as a funct_lon of Ge cov-
transistors utilizingp-type Si_,Ge, base layers have been €rage fge. The results show that both the Si and the Ge
shown to have higher current gains and faster switchintj“onohyd”de desorpuo.n energies decreasga Ilnearly.wnh in-
speeds, up to 100 GHzthan obtained with Si homojunction creasingfge a_n_d establish that the desorption energies also
devices. Other applications include modulation-doped fiel¢d€Pend sensitively upon second-layer composition. Finally,
effect transistors® and infrared detection devicés. we demonstrate that the rate-limiting step for gas-source

Gas-source molecular-beam epitd3S-MBE) and ultra- 3'1*XGQ< film grovvth_ fr(_)m hydride Precursors 1S H desorp-
hiah-v m chemical vapor depositisHV-CVD) offer t|9n _d|rectly from Si _S|tes rather thar_1 diffusion to Iower_-_

gh-vacuum chemical vapor dep

: ) inding-energy Ge sites and desorption from there as ini-
advantages over solid-source MBE for the growth of Si andﬁa"y proposed11
Si;_,Ge, . These include the elimination of high-temperature
evaporation sources, higher sample throughput, and better
conformal coveragé.One potential disadvantage is that the
kinetics of gas-source Si,Geg, growth are complex and di- The experiments were carried out in a four-chamber ultra-
rectly dependent upon both hydrogen desorption and Ge suhigh-vacuum system, described in Ref. 12, with a base pres-
face segregation rates, which are themselves interlifkedsure of 5< 10~ Torr. The film growth chamber, which is
Previous temperature-programmed desorgti@®D) and IR equipped with reflection high-energy electron diffraction
spectroscopy studies carried out on Ge-adsorbed08l) (RHEED) and a quadrupole mass spectrome&@MsS), is
have shown qualitatively that the activation energy for hy-connected through a transfer chamber to an analytical station
drogen desorption decreases with increasing Ge coverag®ntaining provisions for Auger electron spectroscopy
fce. However, no quantitative data are available. Unan{AES), electron-energy-loss spectroscopy, and low-energy
swered questions include the primary hydrogen desorptiorlectron diffraction. TPD measurements were performed in a
site serving as the rate-limiting step during low-temperatureseparate chamber attached to the analytical station and con-
gas-source $i,Ge, growth and the role of Ge surface seg- taining a heavily differentially pumped Extrel QMS. The fi-
regation. nal chamber contains a scanning tunneling microscope.

We have recently used ,DIPD to determine Ge segre-  Three different types of samples were analyzed in these
gation rates, and enthalpies, as a function of bulk film comexperiments. The first two consisted of partial monolayers of
position, steady-state hydrogen surface coverége and Ge on S{001) and Si on G&01) obtained by exposing clean
deposition temperaturels during GS-MBE growth of substrates to controlled doses of 8gor SiHg at tempera-
Si;_,Ge (001) from SiHg/Ge,Hg mixtures® In this article,  tures ranging from 200 to 300 °C to provide coverages be-

Il. EXPERIMENTAL PROCEDURE
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FIG. 1. D, TPD spectra froma) Si(001) and(b)—(d) Ge-adsorbed 8301) surfaces with Ge coverag#g, of (b) 0.24,(c) 0.43, and(d)
0.80 ML. The adsorbed-layer samples were prepared byAg@osing with a fluxJge,s,=5X 10 cm2?s™* for 5 min at(b) 200 °C, (c)
300 °C, and(d) 400 °C.

tween 0.2 and 1 ML. The third set of samples wererespectively. RHEED patterns from Si and Ge substrates
Si; _,Ge(001) alloys, withx up to 0.18, grown on $001) subjected to these procedures were2with sharp Kikuchi
by GS-MBE atT,=400-500 °C. In all cases, the,H; and lines. No residual C or O was detected by AES.
GeHg fluxes were delivered through tubular dosers located 3 Prior to adlayer or alloy film growths=400-nm-thick Si
cm from the substrate at an angle of 45°. The dosers ar@e) buffer layers were grown on the clean (1)
coupled to feedback-controlled constant-pressure reservoif&e(001)] substrates at 800 °C325 °Q. RHEED patterns
in which pressures are separately monitored by capacitanademained 1, but now consisted of well-defined diffraction
manometers whose signals are used to control variable leapots, rather than streaks, indicating atomically smooth sur-
valves. Following adlayer or alloy depositidand, in some faces with relatively large terraces. RHEED patterns from
cases, postdeposition annea)indpe samples were quenched Si; _,Gg, overlayers withix<0.08 remained X 1 while pat-
to <200 °C and exposed to atomic deuterium. For this purterns obtained from layers with higher Ge concentrations
pose, B was delivered through a doser identical to thosecorresponded to ordered<h surface superstructures due to
described above, but with a hot W filament near the outlet talimer vacancy reconstructiofidn both cases, the patterns
crack the gas. All hydrogen was exchanged for D as demorexhibited well-defined diffraction spots characteristic of
strated by TPD. smooth surfaces.

For the TPD experiments, the as-deposited sample was
placed 2 mm from the 5-mm-diameter hole in the skimmer lIl. EXPERIMENTAL RESULTS
cone between the mass spectrometer and analytical cham-
bers. Samples were heated at a linear rgtaypically ¢ Figure 1 shows typical DTPD spectra from Ge-adsorbed
=2 °C s}, by direct current while the temperature was mea-Si(001) surfaces with coveragefg, (determined as dis-
sured using a thermocouple calibrated with an optical py<cussed beloyof (a) 0, (b) 0.24,(c) 0.43, and(d) 0.80 ML.
rometer. D, TPD spectra from clean @01) consist of peaks, labeled

The S{001) substrates werex 3 cn? plates cleaved from B, and B;, centered at 405 and 515 °C due to desorption
0.5-mm-thickn-type[n=(1—-2)x 10'* cm 3] wafers. Initial  from the 1xX1 dideuteride phase and thex2 monodeu-
cleaning consisted of solvent degreasing, multiple wetteride phase, respectivel§ While 8, desorption is second
chemical oxidation/etch cycles, and a 20-s etch in diluteorder, 3, follows first-order kinetics, except at very low deu-
(10%) HF.'? The substrates were then exposed to a UVterium coverage®,<0.1 ML,'® due to 7-bonding-induced
ozone treatment to remove C-containing spediaad intro-  pairing of dangling bonds on single diméfsSi(001):D
duced through the sample-exchange chamber, into the dep®PD spectra are well fifexcluding the narrow region at low
sition system where they were degassed at 600 °C for 4 By and highT noted aboveusing standard Polanyi-Wigner
and then rapidly heated at 100 °C'sto 1100 °C for 1 min  analyses yielding activation energiEg and prefactors of
to desorb the oxide layer. Thexi3-cn? n-type[n=(1-5) 1.88 eV and K10¥s! for B, and 2.52 eV and 1
X 10" cm 3] Ge001) substrates were cleaned following a X 10*° s~ for 3.4 With increasing Ge coverage, the low-
similar procedure except that the etch was carried out irand high-temperature features initially broaden and shift to
deionized water while UHV degassing and final oxide de-lower temperatures. Following Ref. 8, all Ge-adsorbed spec-
sorption were done at 300 °Crf@ h and 500 °C for 1 min, tra were fit with four second-order peaks corresponding to
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samples, including the §i,Ge, alloy layers, which were
shown by high-resolution x-ray diffraction to be fully
strained(thus, the sum of the monodeuteride TPD intensities
remained proportional tol,).

The temperatures of all four peaks in Ge-adsorb¢d(3)
TPD spectra decreased with increasif\g,, in agreement
with previous qualitative observations for which absolute
values offg, were unknowr, indicating that the deuterium

20F E
Ege desorption energy from SiGe) sites decrease@ncreases
with increasing G&Si) concentration. Since, correspond-
181 ¥ ing to D, desorption from Ge monodeuteride, has the lowest
h o2 o o 03 o activation energy, the observed increase in dhgeak tem-
0 (ML) perature with decreasings., must be due to the presence of
e

FIG. 2. Deuterium desorption activation energieg§ and Eg,
from Si and Ge sites as a function of the Ge covera@gg on

Ge-adsorbed 8)01) surfaces.

D, desorption from, beginning at the lowest temperature, G
monodeuteride dimei(g), Si dideuteride atomsd,), mixed
Si-Ge monodeuteride dimerg3{), and Si monodeuteride

dimers B,).

Ge coverages were quantitatively determined by tw
separate techniques. The first was to use the integrated

B1, and B; monodeuteride TPD intensities following the
procedure discussed in Ref. 8. The total intensityunder

the three monohydride peaks is directly proportional to the;q energies.
substrate surface atom densMy. Thus, settindy=1 ML,

fs; and g are given by (/31+ 0.5 Bi) and (,+0.5 Bi)’

respectively. This results iflge=0.24, 0.43, and 0.80 ML
for the samples corresponding to Figgb):1(d). We also
employed AES, utilizing the escape depth and sensitivitypresence of a small concentration of Ge dideutelidg@gure
factors given in Refs. 17 and 18, to obtaig.=0.25, 0.42,
and 0.80 ML. A similar good agreement was obtained for alladsorbed G@®01) sample. The $Hg dosing, a 3-min expo-

1.0f
0.8

e

Si strengthening the Ge-H bond while the decrease irBthe
and B, peak temperatures indicates that Ge weakens the
Si-H bonds.

TPD spectra from all Ge-adsorbed®)1) samples were
fit using the same frequency factors fgB, (vgi=1
X 10" s anda (vge=5% 10" s71) that we obtain for B
desorption from pure §01) and G€001), surfaces, respec-
tively. The fits in all cases were at least as good as those in
Figs. Ab)—1(d). Figure 2 shows that the [esorption ener-
gies for monodeuteridg; and «, Eg; and Eg., decrease

OIinearly with increasingfg.. From least-squares analyses,

ESI:[ESI(SI)_OBMGE] eV and EGe
=[EgdGe+0.1711—-659] eV, whereEg(Si)=2.52 eV and
Ec{Ge)=1.80 eV are the pure &01) and G€001) desorp-

A typical D, reference TPD spectrum from a clean Ge
surface is reproduced in Fig(a. It consists of a peak cen-
tered at 310 °C, due to desorption from the Ge monodeu-
teride @ phase, with a shoulder at 260 °C arising from the

3(a) also contains TPD results from a partial-monolayer Si-
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FIG. 3. (a) D, TPD spectra from G@01) and a Si-adsorbed @#01) surface with Si coveragés;=0.59 ML. The adsorbed-layer sample

was prepared by Sils dosing withJs;; =2.2x 10" cm?s

! for 3 min at 250 °C. A spectrum obtained from thg=0.59 ML sample

afterin situ annealing at 600 °C for 30 s is also showh). Fitted #5;=0.59 ML D, TPD spectrum from@). (c) D, TPD spectrum from a
GS-MBE S} gG&, 14 001) layer grown af =475 °C.(d) As in (c) except that the film was immediately quenched<t®00 °C in<20 s
following growth.
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sure to a flux of 2.210cm 2s™ !, was carried out at quenched Si-adsorbed (881 sample and resaturating the
250 °C, after which the sample was immediately quenched t§urface with deuterium. The spectrum is nearly identical to
<200 °C in<20 s in order to minimize Si/GB01) surface that obtained from the clean Ge surface with the exception of
site exchange. The TPD spectrum consists of three peakd, small tail, due to some residual Si monohydride, toward
Consistent with the Ge-adsorbed@l1) results above and higher temperatures. Continued annealing for another minute
previous GS-MBE Si ,Ge, TPD spectrd, we assign the removes the tail complett_aly and yi_elds the origina_l spectrum.
high-temperature peak near 380 °C primarily tg @®sorp- Thus, the anneals res_ult in essentially complete site exchange
tion from Si monodeuteride with a small contribution from Petween adsorbed Si and second-layer Ge atoms.
mixed Si-Ge dimers, the middle peak at 330 °C to Ge mono- Figure 3¢) is a D, TPD spectrum from a 200-nm-thick
deuteride, and the low-temperature peak at 290 °C to a mix@s-deposited fully strained 3iGe 15 film grown at T
ture of Si and Ge dideuteride. If we assume that the high=475 °C(deposition rate-0.2 ML s™*) and held at this tem-
temperature peak is entirely due to Si dimers, we obtain a Sierature for=30 s after the gases were valved off before
coverage of 0.59 ML, in reasonable agreement with AESP€ing slowly cooled to room temperature. The thermal hold
results yielding 0.55 ML. The fitted spectrum exhibits excel-ensures that deposition which takes place while residual pre-
lent agreement with the experimental data as shown in Figcursor gas is being purged from the chamber occurs at the
3(b). desired growth temperature. This was tested by repeating the
Comparing the Fig. ®) TPD results from Si-adsorbed experiment using the same growth procedure but with the
Ge(001) (6ge=0.41 ML) with those in Fig. (c) for Ge- layer held atTg for 5 min after valving off the gases. The
adsorbed $001) at approximately the same average surfacel PD results are identical. Both sets of spectra are well fit, as
composition,fg.=0.43 ML, shows a large shift in the posi- in the Ge-adsorbed @01 case, using four peakst Ge
tion of the Si monodeuteride and dideuteride peaks. We fomonohydride, Si dihydride,3; mixed Si-Ge dimer mono-
cus on monodeuteride desorption since it is rate limiting durhydride, and3; Si monohydride. The peak temperatures are
ing the low-temperature surface-reaction-controlled gas¥,=330°C,Tz,=365°C, Tz,=430°C, and Tg
source growth of Si,Ge,. The peak temperatur@g, =455 °C. Based upon the integrated monohydride peak in-
which is=470 °C for the Ge-adsorbed(801) sampldcom-  tensities,fg.=0.62 ML. This is in excellent agreement with
pared to 515 °C from clean ®01)] decreases to 380 °C for the steady-state value of 0.63 calculated based upon the Ge
Si-adsorbed G@01). This large decrease ifiz; cannot be segregation enthalpy corresponding #=0.18 and T,
explained by deuterium diffusing from Si sites to Ge and=475 °C(steady-state H coveragi=0.43 ML) .2
then desorbing from there since both samples have essen- A TPD spectrum obtained from a 3bGe 15 film that
tially the same Ge coverage. In fact, the present results implwas grown under conditions identical to sampie)3 but
that T, and hence the D-Si binding energy, is, in additionthermally quenched <200 °C in <15 9 immediately
to being sensitive to the average surface layer compositionpon valving off the source gases is shown in Fig@)3In
(see Fig. 1, also a function of the second-layer composition.this case, the Ge surface coverage was ealy3 ML since
Similarly, although the effect is smaller, thepeak posi- the upper layer was formed from residual source gas chemi-
tion increases from 310 °C for clean ®81) [Fig. 3@] to  sorbed during the quench and Ge-Si site exchange was
330 °C for Si-adsorbed G@01) [Fig. 3(b)] to 340 °C for strongly inhibited at the reduced temperatures. However,
Ge-adsorbed 8901 [Fig. 1(c)], both of the latter samples even thoughig, is lower by a factor of two, Fig. @) shows
with 6ge~0.43 ML. Thus, the D-Ge binding energy is also athat T, is =455 °C, nearly equal to the value obtained from
function of both surface and second-layer composition. sample &) with 65.=0.62 ML. This is yet another mani-
A conceivable alternative explanation for the large shift infestation of the effect of second-layer composition on H de-
T between Figs. (t) and 3b) is continuous Ge enrichment sorption kinetics. That is, for sampléc3, the second-layer
at the surface of the Si-adsorbed(@&l) sample due to seg- composition is expected to be less than that of the bxlk,
regation during the TPD measurement itself. This seems=0.18, due to strong surface segregation while for the
rather unlikely, however, since we have previously showmuenched sample, the second-layer composition is closer to
that significant Ge segregation requires temperatures wed=0.6. Thus, the large increase in second-layer Ge concen-
above 400 °G which is higher than the measurég, value  tration between sampledd and 3c) compensates for the
for Si-adsorbed G@01). Moreover, all of the Si dangling- decrease in Ge surface coverage. The net result is an ap-
bond sites are filled with D, which we have shown stronglyproximately constant value dfs; .
reduces the segregation enthafpiyn addition, if Ge segre- As a final example of the dependence of H desorption
gation during the measurement were the dominant channenergy on underlayer composition, compare the TPD spec-
leading to the observed decreaseTify, we would expecta trum from a Ge-adsorbed @01 sample with g,
dramatic increase in peak asymmetry toward higher tempera=0.24 ML shown in Fig. 1b) to that of the quenched alloy
tures, but this is not observed. Thus, we conclude that than Fig. 3(d). Both have essentially the same Ge coverage.
primary reason for thg3,; temperature shift between the Tg, for sample 1b) (490 °Q is higher, however, since the
samples in Figs. (t) and 3b) is the difference in the com- second-layer Ge concentration is much less than that of
position of the second layer leading to long-range interacsample &d) (T3, =455 °C).
tions. An additional set of D TPD experiments was carried out
The effects of Ge segregation can, however, be observesh Ge-adsorbed &01) and Sj_,Gg(001) surfaces with
following high-temperature postdeposition annealing. Figurdow D coverage$® The resulting spectra, shown in Figa}t
3(a) shows TPD results obtained after situ UHV anneal-  exhibit only 8,, with no associatedv peaks, and the3;
ing, for 30 s at 600 °C, the as-depositeth&0.59 ML) and  features occur at the same positions as those obtained follow-
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' s ) T " T faces,, peak positions from samples with a constant low D
_(a) Ge/Si(001) "o = 0.33 ML coverage decrease in temperature with increasigg An
T 8ge=024ML 1\ analysis of these and similar spectra shows fhgf de-
0= 056 MLy \ creases by approximately 1 °C per 0.01 ML of Ge.

0p = 0.21 ML

0.2

0.1
IV. DISCUSSION

The above results provide insight into the primary reac-

> 0 . . . . L . L tion path leading to H desorption from;Si,Ge(001) sur-
@ 0.3 - (b) Ge/Si(001) faces during hydride gas-source film growth in the low-
o — D dosed temperature surface reaction-limited regime. Crystal growers
£ [ Annealed have known for many years that,;SiGe, deposition rates
0.2F are higher than those for Si due to the higher steady-state
" 6o = 0.80 ML 6. = 0.56 ML dangling bond densities, and hence precursor reactive stick-
0.1 6, =024 ML eil 0.20 ML ing rates, on Si,Ge, caused by more rapid H desorption

rates. Two primary pathways have been proposed for this.
The first involves diffusion of H from Sihigher binding
3(‘)0 . 4(')0 . 5(‘)0 . 6(')0 energy to Ge (lower binding energysites followed b_y de-
sorption from the Ge centet$!! The other proposal is that
T, (°C) the presence of Ge neighbors weakens the H-Si bond energy
Eg;.° In the present research, we have demonstrated conclu-
FIG. 4. D, TPD spectra from Ge-adsorbed(®1) surfaces  gjyely that the second case is correct. That is, for Ge-
dosed with deuterium to yielda) 0ge=0.24 ML with 6,=0.06,  a4sorbed $001), Eg; decreases linearly with increasirig,
0.17, and 0.33 ML andg.=0.56 ML with 65=0.08 and 0.21 M_L following the relationshipEg=(2.52—0.3000 eV. Simi-
(b) D, _TPD spec_tra from Ge-adsorbc_ao((m]) surfaces dosed with larly, Eq, varies as (1.880.171— 6gc) eV. This results
deuterium 10 yield fe=0.56 ML with 0p=0.20ML and fge ¢ olectronic interactions that reflect the effect of (@

=0.80 ML with 65=0.24 ML. The dotted lines are the correspond- . .
ing spectra aftein situ annealing at 380 °@6s.=0.56 ML) and alloying on the SiGe) band structur® and, hence, on local

330 °C (65.=0.80 ML) for 30 s. bond energies. We have also shown that, as would be ex-
pected from these argumenks;; is dependent not only upon
ing D saturation. Since the monodeuteride binding energy ighe composition of lateral in-plane neighbors, but upon the
higher on Si(2.52 e\) than on Ge&(1.80 eV) sites and D is average composition of second-layer neighbors as well. We
highly mobile at both the D dosin@00 °Q and initial ramp-  find that the D-Si binding energy is more sensitive to the
ing temperatures with a diffusion enefdy?®lower than ei- presence of Ge than the D-Ge energy is to Si. This is con-
ther desorption energy, deuterium will migrate preferentiallysistent with the electronic structure of strained_$Ge; in
to available Si sites. This, in turn, results in preferential de-which the rate of change in the &iconduction-band mini-
sorption from Si sites as observed. mum with increasing is larger than that of Ge with increas-
Figure 4b) shows TPD spectra from Ge-adsorbetd8l)  ing (1—x).?*
samples withfg.=0.56 and 0.80 ML which were dosed with ~ We now return to the issue of the nature of the H desorp-
deuterium under identical conditions to provide similar cov-tion site leading to the rate limiting step controlling film
eragesp, of 0.20 and 0.24 ML, respectively. Consistent with growth. Normal Sj_,Ge, film growth temperatures, 400—
the results in Fig. @) and Ref. 20, th&dg.=0.56 ML spec- 600 °C, are well above H desorption temperatuigs.
trum exhibits only a Si monodeuterige, peak while the Moreover, the R TPD results for undersaturated, SiGe,
0s.=0.80 ML spectrum also contains a small low- surfaces in Fig. 4 show that D is preferentially trapped at,
temperature Ge monodeuteridepeak. Thefg.,=0.56 ML  and is desorbed from, Si sites during thermal ramping. Thus,
sample was annealed at 380°C and thg.=0.80 ML the rate-limiting step for low-temperature;S{Geg, growth
sample at 330 °C, both for 30 s. The samples were immedifrom hydrides is H desorption from Si, rather than Ge, sites
ately quenched and reanalyzed by TPD. The results sho@s had been previously proposed.
that annealing led to a loss of the smallpeak in thefg, Finally, we note that ouEg; andEg, values as a function
=0.80 ML sample spectra but no significant change in eithepf 6. for Ge-adsorbed $01) are in very good agreement
of the 8, peaks. If the primary hydrogen desorption pathwaywith our previous Egj(6g) and Egd 6c.) measurements
from Si sites involves deuterium diffusion from Si to Ge from GS-MBE Sj_,Gg, layers grown from SHg/Ge,Hg
followed by desorption from Ge sites as previously mixtures? In the latter case, thége values included the very
proposed®!! then the Si monodeuteride peaks should destrong effect of Ge surface segregation. Since we have
crease since the annealing temperature was above the Gkown in the present work thik; andEge are also sensitive
monohydride desorption temperature for these samples, 336 the underlayer composition, this suggests that the average
and 320 °C, respectively. However, the results are in agreesoncentration of the second layer in growing_SiGe, films
ment with the conclusions deduced from Figa)din which  is very Si rich. There is some evidence for such an effect, a
the majority of the deuterium is trapped at the higher-Ge-enriched overlayer on a Ge-deficient second layer, in
binding-energy Si sites and desorbs from there. solid-source  MBE Si ,Ge(001) films examined by
The data in Figs. @) and 4b) illustrate another point. As angular-resolved photoemissiéhMoreover, it was actually
in the case of deuterium-saturated Ge-adsorbé@0®i sur-  predicted earlier based upon combined surface energy and
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elastic strain consideratioR%?’ The Ge surface energy is increases with the average overall concentration of Si near
approximately 0.07 eV/atom less than that of Si while itsneighbors. For adsorbed Ge layers of081), we find that
covalent radius is 4% larger. Esi=(2.52-0.30;0) eV while Eg.=(1.80+0.171— 0¢.l)
ev.
V. CONCLUSIONS These results imply that the activation energy for surface-
o ) reaction-controlled $%i,Ge, growth should be equal to
The rate-llmltlng step for the gas-source hydride grqwthESi( 0 Where f, is the steady-state Ge surface coverage
of Si;_«Gg(001) in the low-temperature surface-reaction-j,cjyding segregation and we assume that the second-layer is
limited regime is hydrogen desorption from Si monohydrideie deficient and nearly pure Si. Incorporating these results in
species. We have used,DIPD measurements on Ge- 5 model describing $i Ge, growth rate kinetics as a func-

adsorbed-$001), Si-adsorbed G801), and Sj_,G8(001)  tjon of x and T, provides very good agreement with experi-
to show that this occurs directly from Si sites rather thannantal dat28

through the previously postulated two-step process of diffu-
sion to lower-binding energy Ge surface sites and desorption
from there. However, the H monohydride binding enegy

at Si sites decreases rapidly with increasing Ge concentration The authors gratefully acknowledge the financial support
in both the growing overlayeand the underlayefi.e., with  of the Office of Naval Research through Contract No.
the average overall concentration of Ge near neighborsNOOQO14-96-1-0280 administered by Dr. Larry Cooper and
Similarly, the H monohydride binding ener@gg. at Ge sites  the Semiconductor Research Corporation.
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