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The growth ratefRg; of Si layers deposited on @il1)'‘16 X 2" by gas-source molecular beam
epitaxy from SjHg were determined as a function of temperatligg400—-975 °Q and SjHg flux
Jsip(5.0X 101°-9.0% 10%cm 2s7Y). Rg ranges from 0.001mzmh™* at T¢=400°C to 0.415m

h™ at T;=975°C with Jg; ;4 =2.2X10'*cm ?s™". In the surface-reaction-limited regime &
<725°C,Rg; initially exhibits an exponential decrease withill/ then decreases at a slower rate
at T,<550°C as an additional deposition pathway becomes operative. In the
impingement-flux-limited regime, 725T <900 °C, Rg; is independent of ; but increases linearly
with Jsipg- At Ts> 900°C, Rg(Ts) increases withTg due to surface roughening. Overall,
RSi(JSiZHG , Tg) iIs well described at s<900 °C by a kinetic model incorporating two competing film
growth mechanismgZ) dissociative chemisorption of $ig onto dangling bonds followed by fast
surface dissociation steps and second-ordeaés$orption from the surface monohydride phase; and
(2) Si,Hg insertion into Si—H surface bonds followed by second-order desorption gf S8 2000
American Institute of Physic§S0003-695(00)02320-7

Si;_,Ge(011) offers potential benefits over first reported investigation of the temperature-and flux-
Si; _,Ge(001) for certain types of device applications. The dependent growth kinetics of Bil1) gas-source molecular
maximum film/substrate conduction-band offset in strainecbeam epitaxy(GS-MBE) from Si,Hg.
Si;GgSi(011) heterostructures is predicted to be substan- Al fims were grown in a multichamber ultrahigh-
tially larger; the optical band gap decreases more rapidlyacuum(UHV) system, described in detail in Ref. 3, with a
with increasingx,1 and optical selection rules allow hole— pase pressure of610™ 1 Torr. The system is equipped with
intersubband transitions to be excited by light polarized parprovisions for TPD, reflection high-energy electron diffrac-
allel to Sii_,Ge,/Si(011) multiple quantum well layerS. tion (RHEED), low-energy electron diffraction, and Auger

A major difference between @i11) and S{001), which  ejectron spectroscopfAES). The film growth experiments
has a significant effect on film growth kinetics and mechayere carried out at temperaturdg =400—975°C using
n|st|q rate Ilmltguons during gas-source film growth, |s_the5i2H6 precursor fluxesds; = 5.0 1015-9.0x 106 cm2
considerably higher complexity of the (811) surface unit 276
cell. Our previous resufté confirmed published reports
showing that the clean surface reconstruction is X156’
However, this surface, while labeled X@ based upon ob-
served diffraction pattern periodicities, actually has a nonor
thogonal

s~L. During deposition, the SiHg molecular beam is deliv-
ered to the substrate through a directed tubular doser. The
substrates were 0.5 mm thick B-doped(8il) wafers (3
%10 ecm™3) with a miscut of 0.126° alongl12).

Substrate cleaning consisted of solvent degreasing and
wet chemical oxidation/etch cycles followed by an ultravio-
17 1 let ozone treatment, UHV degassing, and oxide desorption.
5 2} RHEED patterns from substrates subjected to this procedure
were sharp 18 2. No residual C or O was detected by AES.

structure with surface vectora,=17a+b and b,=2a Deposited Si film thicknesses were determined using
+2b, wherea=1/4011] and b=[100].>*® The S{011)  secondary ion mass spectrometry and surface profilometry.
surface reconstruction undergoes a gradual and reversibldie Cameca IMS-5F spectrometer was operated with a
transformation from 18 2 to 1X 1 at temperatures between 10keV G primary ion beam to detectB from the lightly
700 and 770°G."8 We showed, using Ptemperature pro- doped substrates during sputter etching. Surface profilometry
grammed desorptiofTPD), that the 162 reconstruction was then used to measure the depth of the crater. The uncer-
has a unit cell structure consisting of 16 adatom species arf@inty in film thickness iss 4 nm.
8 m-bonded dimers, resulting in a maximum dangling bond  All Si(011) layers exhibited sharp 262 RHEED pat-
coverage of 0.5 ML referenced to the<1l bulk surfacée. terns. B TPD spectra were obtained from(&11)16X 2 sur-
While the S{011) surface structure has received signifi- faces dosed for successively longer times to provide normal-
cant attention, very little is known about the kinetics of ized coveragesfp/fp sy, Where 0p 4 iS the saturation
Si(011) epitaxy. In this letter, we present the results of thecoverage. The spectra are very similar to those we obtained
from Si(111)* and consist of a low temperature desorption
@Author to whom correspondence should be addressed; electronic maiP€ak centered at 430°C and a high temperature feature at
greene@mrlxp2.mrl.uiuc.edu 550°C. The primary difference between the(08i) and
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Si(111) TPD spectra is that the high-temperatur@$1) fea-

ture contains a more obvious shoulder peak, split in this case
by 30°C and centered at 520 °C. Following the proceduréIG. 3. (a) Log-log plots of S{011) growth ratesRg; as a function of the
described in Refs. 3 and 4, we have fit the data using stariacident SiH flux Js; ., atT,=550 and 700 °C(b) Rs(cm™?s™) vs I,
dard Polanyi—Wigner analyses. An example is shown in Fig?‘th:70°°C'
1. The B, peak arises due to desorption from the dideu-

teride phase while the higher temperaty® and 8; peaks |ayer growth proceeds by the second-order dissociative ad-
are associated with desorption from adatoms and rest atom@rption of SjHg onto dangling bonds whose coveragg is
in the monohydride phasé. All peaks are second order and determined by the associative desorption rate of Fhe
we have ignored the small feature near 375 °C, attributed tQrface structural phase transition fromx1 to 16x2,
desorption from trideuteride species, since it is not relevanjynich for Si011) occurs near 700 °C, does not have a sig-
to the present 8011 growth kinetics experiments. Fre- pificant effect on the shape &(TJ).° At To>725°C, the
quency factors) and desorption activation energiBg are  steady-state hydrogen coverage on the 11 reconstructed
1x10"s™* and 2.22:0.02eV for B,, 2x10®°s* and  sj(011) surface is sufficiently low §,,<0.19 ML) thatRg is
2.55:0.02eV for 87, and 2<10°s™* and 2.68-0.02eV  |imited primarily by the SjH, impingement rate. With
for By.>* . . Jsip=2.2<10%cm 257}, Rg=0.21umh* at 725<T,
B The fI|2’1 gEOZV\/Ehl rateRSi as .a fqnctlon offs with Jsiig  <g00°cC. The_ increase iRg; at Ts>900°C is due to sur-
=2.2x10"cm ?s " is shown in Fig. 2. Over the tempera- face roughening as observed by RHEED, resulting in a
ture range between 550 and 900 Rg(T) follows the gen-  higher surface area and a change in the overaiGiticking
eral form expected for chemical vapor deposition in whichpropapility due to orientation dependence.
Rsi decreases exponentially withTl/at low temperatures in At T,<550°C, a new surface reaction pathway becomes
a surface-reaction-limited mOde, while at h|gh temperature%peraﬁve andQSi grows progressive|y |arger than values pre-
RSi tends to saturation in an impingement—ﬂux-“mited mode.dicted by a Single exponentia| dependence o'h:; 1As dis-
In the surface-reaction-limited growth modRg; increases cussed below, we propose that this is dueRtg becoming
from 0.011umh™* at 550 °C to 0.11umh™* at 700°C as  increasingly controlled by direct insertion of,8 into Si—H
surface bonds.

Figure 3a) is a plot of Rg; as a function of SHg flux

900 800 700TS (60((:)) 500 400 during film growth in the surface-reaction-limited regime
T ' T e (Ts=550°C) and in the transition regiod {=700°C). The
u ?Slglzxsizﬁ'f:}z? steady-state H coverag®,, obtained from using Eq(2)
SiHg™ below and noting that{y,+ 64)=1 ML, is 0.87 ML atT
~ 10" ¢ =550°C and only 0.26 aff,=700°C for Jgu =2.2
'; x10%cm2?sl. Rg at T¢=550°C remains constant at
3{ » 0.011+0.001umh ! and is not a function oﬂSiZH6 since
e 107 ¢ film growth in this regime is controlled by the,Hlesorption
8  Experimental data rate rather than the precursor dosing rate. In contRgtat
4 [ 77~ ~Cale, equs. (2) and (3) Y 700 °C initially increases linearly WitﬂsizHG, typical of flux-
10 » Cale., eqns. (@) and (4 Y . limited growth, before saturating at a value of 0.153

FIG. 2. Experimental and calculated(@11) growth ratesRe; as a function
of temperatureT for an incident SiHe flux Jg 4 =2.2<10'°cm?s™".

0.8 1.0 1.2 . 14
1000/T, (K™

+0.006umh™t with Jg 4 =3.3x10'°cm™?s™". Thus, 6y
increased sufficiently at the higher fluxes, due to competition
between SHg adsorption and K desorption, to drive the
agrowth kinetics into the surtace-reaction-limited regime.
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We have previously demonstrated tRa(Js;. . Ts) for ~ way has been suggested by Kulkaetial'* and Boland” to
GS-MBE deposition from $Hg on the much simpler contribute to low-temperature @il1) and S{001) growth,
Si(001)2x 1 (Ref. 10 surface can be well described by a respectively. Two of the three monohydride adatom back-
model, containing no fitting parameters, in which secondbonds on the $011) 16X 2 surface are highly strained and
order dissociative chemisorption of,Hi is followed by a  €asily broken during b adsorption to form dihydride
series of fast surface decomposition reactions with the finaspecies:* By analogy, we propose that the backbonds are
step being first-order fdesorption from the surface mono- also attacked by g, resulting in bond breakage and the
hydride phase. However, our TPD results fof03il) show insertion of a SiH fragment accompanied by SjHiesorp-
that SkH6 adsorption and |2—| desorption are both second tion. This results in the addition of a second term to @,

order®* Thus, making the reasonable assumption that the 2Je i Se i 02 2Je . SSHg

intermediate surface reaction steps are also fast (1 8j Rg= SipHg=SiHg ¥ db SipHg=Si,Hg ' H @

the overall change iy, during S{011) GS-MBE is given ' N N

by the expression 5:21';3 is the SiHg reactive sticking probability via inser-
dfgp 5 ) tion, a thermally activated process with activation energy
at ~2JsineKabant Ka(1— Oan)”. (1) Esi_n. Figure 2 shows that calculated results based on Egs.

_ _ _ (2) and (4) exhibit very good agreement with experimental
_ The reaction rate constait, for SiHe adsorption on 415 gver the entire growth temperature range until surface
Si(011) can be expressed &, /Ns in which Ss is the 6 ghening becomes significant Bf>900°C. The best fit
zero-coverage reactive sticking probability aglis the bulk  shown by the solid line in Fig. 2 giveSg;_,=0.5 eV which
surface site number density, X80**cm™2 kg in Eq. (1) is  yields SS-H values varying from 5.2410 # at 550 °C to
the recombinative kldesorption rate constant which can be 1.09x 10346at 400 °C.
expressed ag-expEy/kTy), where the frequency factor

=2x10°s™" and the desorption activation energ:}!d kinetic model incorporating two competing film growth
=2.68eV are kn0\c/>vn from theg, TPD results discussed o nanisms{1) dissociative chemisorption of $ig onto
above Ss,, at 700 °C was determined from the slope of the 4, jing honds followed by fast surface dissociation steps
Rsi Vs Jsi, data in Fig. 8b) to be 0.0075, approximately and second-order Hdesorption from the surface monohy-
20% of the S(001) valuel® We assume, as in the case for dride phase; ant®) Si,H, insertion into Si—H surface bonds
Si(001) GS-MBE from SjHg, 1t that S, for Si(011) is not  followed by second-order desorption of SiH

strongly T4 dependent.

In conclusion, theRg(Ts) data are well described by a
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