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4. CONCLUSIONS
We have studied the tenmperature and composition dependence of §
smearing at Si-8i, _,Ge, (0.008 < x < 0.33) interfaces by means of SIM

The smearing was shown to bbe asymmetric; it was only observed at the saj
of the interface. The interfaace at the surface side was initially abrup
concentration of 4 x102° cm1~* the smearing became evident and the
concentration decreased wiith 17 nm per decade. The amount of g
germanium was proportionalltothe concentration in the 8i, _, Ge, layer
x = 0.33 approximately 4.5 x<10'" cm ™% From the shape of the observed pro
inferred that the smearing is (due to .the formation of a germanium ad-la
incorporated during growth «of the silicon capping layer. The driving fore
process is the lower energy off a germanium ad-layer on silicon relative te
layer on silicon. More detaileed studies are in progress.

THANER, F.J. GRUNTHANER, R. W. FATHAUER, T. L. LIN, M. . HECHT
LL AND W. J. KAISER .
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preparation of hydrogen-terminated silicon surfaces for use as starting
es-‘for low-temperature epitaxial growth by molecular beam epitaxy is
ed in detail. The procedure involves the ex-situ removal under nitrogen of

oxide from a silicon substrate using a spin-clean with HF in ethanol
by thg _in-siru low-temperature desorption (150°C) of physisorbed etch,
. The critical steps and the chemical basis for these steps are examined using
;_ﬁhotoelef:‘tron spectroscopy. Impurity residues at the epilayer—substrate
e following subsequent homoepitaxial growth are studied using Auger
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*submitted. devel
‘fevelopment of a low-temperature growth technology for silicon mo-

€am epitaxy (MBE) is important not only to minimize dopant surface
i and intermixing at heterojunction interfaces, but also to allow for
gtt)lwth on substrates with_ preprocessed electronic devices. Of these
_ € att_qr poses the most stringent requirements on growth, because the
Paration of the substrate must also be limited to low ,temperaturc.
| u ?isubstrate cleaning met_hodsl are not suitable since they require high
- {ba > 10 Excess of x 750 °C, either to anneal surface damage created by ion
. etk €Nt or to desorb a thin surface oxide!.

ke ; ll;zftl:(s;n si\:ral stludies based on IR ss;;ectroscopyz“‘, vibrational modes
g | dergy 0ss spectroscopy* gpd X-ray phqtoemission spec-
h: cluded that t.he HF-treated silicon surface is predominantly
b 1-H ‘bonds. This near-perfect termination of the lattice with
: Ponsible for remarkably low electronic surface-recombination

e |
i ﬁﬁd L
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a0 "

=d substrates were cleaved into = lem? pieces. These substrates were then
ected l(? a spin-clean procedure under nitrogen using HF in ethanol to produce
terminated surface. This procedure has been shown to preservé the mor-
logy olf the silicon surface'®, The STM measurements were performed under a
ing nitrogen atmosphere using an apparatus described in detail elsewhere'!
neling voltages and currents were typically —0.5V (sample negative) anri
nA. respectively.

velocities? as well as an observed resistance against oxidatio
electronically and chemically passive silicon surface is attractive for use as
substrate for epitaxial growth, particularly because its preparation imr‘ok
near room temperature procedures. Previously®, we reported a substra
procedure for epilayer growth utilizing ex-situ removal of a thin silicon s
using HF in ethanol under nitrogen, followed by in-situ low-temperature!
desorption of the remaining etch residues. Silicon epilayers were
demonstrate that thin films grown on silicon substrates prepared by this
were indistinguishable from those prepared by the high-temperature m
this paper, we examine in detail the chemistry and morphology of these H]
silicon surfaces and silicon epilayers grown thereon using X-ray phot
spectroscopy (XPS), Auger electron spectroscopy (AES), secondary=
spectroscopy (SIMS), transmission electron microscopy (TEM), an
tunneling microscopy (STM). Impurity residues are examined as a

etchant composition and the ambient under which the etching occurs. The
nature of the HE /fethanol-treated silicon surface is demonstrated by exa
treated substrates as a function of time. The importance of substrate pre
such as sacrificial oxides, is also examined. y !

i
3| CHARACTERISTICS OF HF-TREATED SILICON SURFACES

Figure 1(a) shows typical silicon 2p spectra obtained before and after a spin-
gan treatment of a degreased silicon wafer. The peak at ~ 104¢V in the lower
ctrum of Fig. 1(a) is due to photoelectrons emitted from the thin (10-20 A) oxide
0,) on the substrate surface. The peak at ~ 100eV is due to the underlying silicon
u strate. The upper spectrum of Fig. 1(a) demonstrates that the thin SiO, layer is
gompletely removed after the substrate has been spin-cleaned under nitrogen with a

: J J f T T T

2. EXPERIMENTAL PROCEDURE

For XPS, STM, and SIMS? experiments, Czochralski silicon subs!
diameter, (100)+0.5° orientation, 0.05Qcm, p-type) were degreased b
immersion in 200 °CH,S80y. The thin oxide remaining after this step (10—
XPS) was removed by spinning the wafer at 3600 rpm under various aml
dispensing a total of 1500 ml of etchant in 150 ml aliquots using a pol
tipped pipette. It is necessary to dispense the 150 ml of etchant in a conti
to ensure that the surface of the substrate near the edge is etched. Before s
etching, the substrate was rinsed using the same procedure with a total ¢
ethanol (or water, where indicated). Further rinsing had no effect on the
residues left on the surface. This spin-based technique will be referred to
clean treatment. Etching under nitrogen was performed in a glove box co
flushed with nitrogen from liquid boil-off. The stainless-steel glove box
to the introduction port of the XPS spectrometer or MBE grow
Semiconductor-grade HF, 190 proof U.&. Pharmacopia (USP) grad
ultra-high purity deionized water were used for solutions. i
For XPS measurements, wafers were loaded into a Surface Scien
X-Probe photoemission system and pumped to ~ 6 x 107 "Pa using LT y
of oil-free-backed turbomolecular, cryogenic and ion pumps. The u TR

was minimized. Full silicon wafers were used because experiments Wlﬁ :
cleaved silicon pieces resulted in irreproducible results, presumably bECAUS
‘presence of silicon dust on the surface. _
For SIMS analysis, 600 nm silicon epilayers were grown at 0.2n
substrate jemperatures of 450-650 °C. SIMS analysis was performe
Evans & Associates, Redwood City, California, using cesium ion bom!
For STM experiments, cleaning procedures were interrupted at

Sl T
5 HF/Ethanol, under Np

200°C HySQy, 10 min

=

1

j

HF/Ethanol . e
L 1 L L I 1 |
108 105 102 99 96

Binding Energy (eV)

8 1 k “
" ))a':yimcal silicon 2p core ]'evel spectra obtained before (lower spectrum) and after (upper
- tr; n-clean treatment in nitrogen using HF in ethanol, (b) Expansion and ov’erlay\ofthe data
: emphasize the region between the silicon substrate and SiO, components. The dashed line

s a least-s. :
st-square fit to these major ¢ a i 3 ili
OXide species yor components. The cross-hatched region correspondsl,to‘ silicon
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and begin pump-down. For each condition, silicon 2p
arbon 1s core level data were obtained. :
. dﬁ!gureiz and 3 show the oxygen 1s and fluorine Is data obtained for the three
condi mlr'ns. or}t‘hc HF/ethanol/N, sample, the oxygen signal corresponds to 7 of
‘r.nono ayer (where one monolayer (ML) is defined as the surface areal densit - of
;hccm atoms for 1!?e (1.00} surface or 6.8 x 10'* atots cm ~2). The coverage of ox . en
). bg?/gr%{je§ with :Tcr'?-asing water and air exposure to 34% of'a monolaye)r/gf:)r
the 2O/air sample. The intensity of the fluorine 1s s in Fji i

the . s signal in Fig. 3 varies f;

1 2 2 to 17% of r.z_monoiaycr., with no clear trend depending ongthe spin-c;:an;
igonditions. The silicon 2p regions for the same samples are shown in Fig. 4. The x

1:5 HF:ethanol solution. In Fig. 1(b), the data from Fig. 1(a) are exp: oxygen 1s, fluorine 1s, and

overlayed to permit closer inspection of the silicon 2p region between
substrate and SiO, contributions. The dashed spectrum represents a le
to these major components for the degreased substrate. The cross-ha
corresponds to silicon atomsin Si* ', Si*?, and Si* 3 suboxide states, wh

I | I I I T T T I r

Fis
~2 min. exposures

I T T I

O1s
~2 min. exposures

) » !l ]

) T I [
| siz |
~2 min. exposures \

Counts

Counts

34% ML HFH20, air

%L HF/EIOH, air |,

L . N e

7% ML HF/EtOH, Np
| | ] | (o] 1 |
541 520 696 L
Binding Energy (eV) Binding Energy (aV) | HFAZ0, air
Fig. 2. Oxygen ls core level spectra obtained for various etchant solutions and etchin | HF/EIOH, air
H, Na

compositions of the ethant and ambient are indicated on the right side of each spe i HF/E1O

percentage of monolayer coverage of oxygen atoms is indicated on the left. ISR A | S I RN fiew Doy

105.3
Fig. 3. Fluorine Is core level spectra corresponding to the data shown in Fig. 2 Binding Energy (eV)

12.4. Silicon 2p core level spectra corresponding to the data shown in Figs. 24nd 3
part of the chemical boundary layer between silicon and its oxi - ’
Following the spin-clean, it can be seen that within the detection limit
are no silicon suboxide states remaining. Since Si-F bonds produce che
similar to Si—O bonds'4, these data demonstrate the silicon fluoride sp
not present after the spin-clean. The existence of Si~C bonding
ascertain from the silicon 2p region since the chemically shifted peak fi
overlaps with the more intense substrate line. Carbon-related
discussed in more detail later.

Understanding the dependence of impurity residues on the comp
etchant solution and ambient under which the etching is perfofm'efd_iﬁ‘
controlling the reproducibility of a cleaning technique. Three conditio
ing increasing exposure of the substrate to oxygen and H,0, W
1:5HF in ethanol, with the spin-clean performed under nitrogen;
ethanol, with the spin-clean performed in air; and (jii) 1:5 HF in wa
clean performed in air. These conditions will be referred to as H
HF /ethanol/air, and HF/H,0/air, respectively. Ambient expo
~ 2 min, which is the average time required to load the wafers into

.J;liiei Zf tng d:s_u:, have been enfpandcd to.cmphasize the suboxide region. Within
tio’ . u o x ide or subﬂuqnde formation can be observed for any of the three
- 1S, Indicating that the signals observed in Figs. 2.and 3 are due to surface
yT;emdues t.hat are phys_isorbed onto the hydrogen-terminated silicon
, eS¢ species are most likely physisorbed water, ethanol, and fluorine-
'i;;? ;;ch Ire;m[ues. The carbon coverage, as determined from the carbon Is
E ¥s 1< times greater than the oxygen coverage, which is consistent with
emt:t’: of watcr_and ethanol-related (2:1 C:O ratio) species.
: i;e‘svlﬂilzho;tﬁégf‘dv?;;e :;tlr::1 c‘;)nsisfem wit‘h wt?rk rcpgrted by Grundner and
i hec ed by immersion in HF in water followed by a
: cant]' . hg ; , they observed comparable fluorine and oxygen levels,
o l); 1gdcr carbon. Ic\fels. Bccaus'e we have consistently observed that
i an out_ of liquids n?sults in higher carbon impurity levels as
1th spin techniques, we attribute their high carbon levels to their use of
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i i ion techniques result in higher 1_
o imm?rsmn 'ttizzh\r:rll‘xqil::; tt:nmdntlf)r::)c:ltentrate(}n the air/liquid interface,
bectiglﬁfelgg;ltr ;ate ;15 it is withdrawn from solution, analogous to thep“\_
on '
Lang%l:r—zxgi?\igﬁ;ttg?; these treated surfaces can be demonsl;;rateq t
surface in[:purity concentrations after prolong(l:]d expos;:'cl ;03:1 c:: ;ﬁlco 7
the etching occurred. Figures 5 and.6 show t ¢ o;q;]g e sp'in_".;-
obtained after an ambient exposure time of 30 min ohot thf oxygen_ i
F/ethanol/N, sample in Fig.5, it can be seen tha e R
ol ed only slightly from 7%, to 10%. In contrast, for the air-¢xpos
mi—reﬁaanol/air and HF/H,O/air, the oxygen coverage h_as"mcreal:ed :
HF/e tivel . The fluorine concentration remained _esscntla ¥y L;Ec a S
beoa 1"' . 15% of a monolayer. Careful comparison of the s co?“f;
fr?m 12/'11);0~ ec/tnra obtained for freshly etched surfaces shows tha,}-!;
th 6IWIE:r ;fp silicon suboxide species have formed on the HF/ctllla:a [
A o that most of the oxygen-, carbon- and ﬂuorme;reaft
lﬂd"?_a‘ligiio be in a physisorbed state. In contrast, 267; and 5424 Fo 3-1 v
o e s il
HF!HZO}&': innilll])lflj;a I-T-Sf:i::iviyé oxidation states._ '_rhis is inferredz'_.
ﬂanﬂy‘to Sf1 zemicah‘v shifted silicon atoms from the silicon _2p data-tg_.: &
:‘?(:r;a:;:az;ygen Is data. For a simple surface c?nﬁ§u+r:1tlol:l1j l(;f :1: OX
ifted-sili o oxygen ratio of 1:1 is expecten.i or Si* %, w 2 S
Soi:;tge;insrl:l;tcig:)ft l:2isyegxpected for Si*2. Si:O ratios of 1:1.5 and 1.1.8;113%

I [RRS (L SR SR T T ) b 2

Si2p
30 min. exposures

O1s

30 min. exposures

54% ML Fifw
— L \ 1 |

Counts

Counts
-3
s

HFHR0, air

| 83% ML

48% ML HF/ELOH, air
o

HF/H20, air (top) 1
HF/EtOH, air (middie) i
HF/EtOH, Np HF/EtOH, Np (bottom) )
10% ML i ok ool 4
541 Rg 105.3 e
Binding Energy (eV) : d
i i ns and
Fig 5. Oxygen 1s core level spectra obtained t'o_r various ertfchanetd solutions ¢ 5
30 mm exposure to the ambient under which etching was performed.

Fig. 6. Silicon 2p core level spectra corresponding to the data shown in Fig ;
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anol/air and HF/H,O/air samples, respectively. This
.:‘.b)’ the presence of bridging Si-O-S; species.
reduced oxidation rate is observed for the substrate subjected to a final rinse
ethanol (26% of a monolayer of suboxides) as compared with water (54% of
olayer), following equal air exposures of 30min. The difference in chemical
vity between the ethanol-rinsed and water-rinsed surfaces is most likely due to
ncreased amount of physisorbed water on the latter. Physisorbed water
cules are able to undergo dissociative chemisorption on silicon to form Si-OH
i-H, as demonstrated by Ibach et al. using electron energy-loss spectroscopy!®,
s formed, the polar 8i-OH groups will act as preferential adsorption sites for
nal water molecules from the air, resulting in further oxidation of the silicon

e. We note in support of this interpretation that more physisorbed species
observed on the water-rinsed substrate immediately foll

. 2 and 3) compared with the ethanol-rinsed substrate, This mechanism is
ar to that proposed by Grundner and Jacob®, who also noted the inhibited
of oxide on silicon substrates receiving a final rinse in methanol rather than

argument is compli-

A further dcmonstrali‘om of the passive nature of the Si-H bond on the surface of
I can be demonstrated by com

Wwas prepared by spin-etching with 1:5 HF in ethanol in air. A non-hydrogen-
lated surface was obtained by heating a hydrogen-terminated silicon surface

I T 1 I 1 I T

-‘. s
min. in air
i

o ML HF/EtOH

- 800°C in UHV

ML HF/EtOH

520

Binding Energy (ev)

i’x_en Is core level data cemparing samples exposed to air for = 2min

._3!11'0011 surface prepared by a spin-clean treatment using HF in ethan.
inated silicon surfa
um,

for (i) a hydrogen
ol and (ii) a non-
ce prepared by heating a hydrogen-terminated surface to 800°C in

owing the spin-clean
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peating in ultra-high vacuum at &~ 150°C,® as shown in the Auger spectra in Fig. 10.
data in Fig.10(a), which is for a silicon substrate prior to the spin-clean
edure, shows a large oxygen peak owing to the thin SiO, film on the substrate
ad a smaller carbon peak (x 10 expansion) because of surface contamination.
jmmediately following the spin-clean (Fig. 10(t)), only sub-monolayer coverages of
bon and oxygen are observed, in agreement with XPS results already discussed.
o fluorine signal is observed, but this is most likely due to the electron-stimulated
orption of this species. After heating the substrate to ~ 150 °C for 10 min, all spin-
residues, within the detection limits of Auger, have desorbed as shown in

10(c).

to 800 °C in ultra-high vacuum. Under such conditions, the hydr
the surface, resulting in mixed 2 x 1 and 1 x 2 reconstructed doma
reflection high-energy electron diffraction. Both the hydrogen-tern
hydrogen-terminated silicon surfaces were exposed to room air for
in Fig. 7, almost a full monolayer of oxygen atoms are present on
terminated surface, as compared with only 14% of a monolaye
terminated surface. Similar results are found for fluorine levels, as
where a six-fold increase in fluorine coverage is observed for the ne
.terminated surface. (The fluorine results from exposure to HF vaj
box attached to the introduction port of the UHYV system as the
to air.) Finally, the silicon 2p data in Fig. 9 demonstrate that, where:
monolayer of oxidized silicon has formed on the hydrogen-termi
of a monolayer has formed on the non-hydrogen-terminated substr.
are consistent with recent work by George et al.'® demonstratin
oxidation rate for silicon decreases as a function of increasing hydr
the Si(111) 7 x 7 reconstructed surface.

(@)

P M, i ] e T 1 el

F1s Si
~2 min, in air ~2 min. in air

XI0 ﬂ FXIOM
s
g “En “' P Al e
& 3 5
(5] O
1 = 2 x1o‘.W
74% ML HF/E1OH ;
it 800°C in UHV | HFE/EIOH
800°C in UHV
i HF/E1OH |
12% ML PR HF/ELOH N
696 675 105.3 ) e | i i ; ; | 2
Binding Energy (6V) Binding Energy ( 9] 100 200 300 400 500 600 700
ELECTRON ENERGY (eV)

Fig. 8. Fluorine 1s core level spectra corresponding to the data shown in Fig. 7.

10. Ay ili i i leaning by th
Fig. 9. Silicon 2p core level spectra corresponding to the data shown in Figs. 7 and 8. BECAIEHTONSPCIN R EHISAMEIICUD SIS SUt e o v BtCUE RERES 0 TR

#an procedure (taken from ref. 8). (a) after the growth of a thin protective oxide; (b) after a spin-
lunder nitrogen using HF in ethanol; (c) after a 10 min 150 °C desorpﬂon of etchant residues in ultra-
' o | Vacuum,

4. GROWTH OF SILICON EPILAYERS ON HYDROGEN-TERMINATED SILICO!

In the previous section, it was demonstrated that following an
procedure, even under the best case conditions utilizing HF in
nitrogen ambient, a significant fraction of a monolayer of ph
carbon and fluorine species exist on the silicon surface. For this
useful for substrate preparation, it must be possible to desorb these
the onset of epitaxial growth. These physisorbed species can be de

Corroboratmg results have recently been reported by Fenner etal'’ By
izing the sensitivity of their photoemission system, they were able to quantify
resndues remaining after the low-temperature desorption step. Using a
iParable spin-clean procedure, except that the duration of the 150 °C desorption
g lasted for | h, they observed carbon, oxygen and fluorine levels as low as 0.025
MMolayers, 0.005 monolayers and 0.010 monolayers, respectively.




206 P. 3. GRUN
VDROGEN-TER MINATED SI SUBSTRATES FOR LOW-TEMP. MOL. BEAM EPITAXY 207

i
TABLE

SUMMARY OF SIMS RESULTS Jshizak 2 and Shiraki:*® (ii) surface material was removed by a sacrificial 1000 A

shermal oxide;® and (iii) the as-received wafer received only a degrease. Within the
error limits of SIMS, the carbon data show no dependence on these treatments,
indicating that carbon contamination is confined to the wafer surface only and not
1ocated subsurface. Extensive pretreatments designed to remove surface material

Final Maximum Growth Carbon Oxygen Pre
clean temperature temperature (ML) (ML) treainment
during clean(°C) (°C) I

j

Thermal 880 400 0028 00004 a will thus have no efect on final carbon residues.
s;?;n fgg g% gg;z g'm : . We consider next the oxygen residues summarized in Table I. Except for the
A '  spin-clean sample grown at 450 °C, oxygen residues at the epilayer-silicon interface
g::;““] 328 ggg 8'3?2’ :2::::2: ; panged from 0.0004 ML to below the detection limit of SIMS. No dependence on
Spin 1507 650 0019 00008 3 ‘either the wafer pretreatment or final clean is observed.
‘ The residual oxygen level for the spin-clean sample grown at 450 °C in Table I is
o el F] s MRS 4 ‘higher thanthat observed in other samples by a factor of 2 100. This sample received
Spin ramped 450 0.028 005 c ‘a slightly modified final clean, which most likely accounts for the high oxygen level

‘observed. For this sample, following the spin-clean procedure and insertion into the
_growth chamber, the temperature was continuously and quickly ramped (over
everal minutes) to the growth temperature of 450 °C, without pausing for 10min at

Because the contamination levels known to produce structural mnde _ 050 °C aswas done with all other samples from ref, 8' 2, The surface science literature

active defects in epitaxial layers are well below the practical detection Rimi ‘suggests that the outg,assing .Of thclphysisor_b_cd species must be done carefully in
and XPS (of the order of 0.01 ML), a more sensitive tool is requiredtc fu ‘order to preve‘nt their reaction with .lhe S}l:con surface. The hydrogen on the
the atomic cleanliness of the silicon substrate. For this, silicon epilayers ‘hydro%cns-termmated silicon surface is driven off at temperatures as low as
on silicon substrates cleaned by the spin-clean procedure, as well as by :zdSlO °C® leaving the surface withenhanced react'mty towards impurity species. In
conventional high-temperature methods, and were subsequently anal particular, adsorbed water molecules can react with the non-hydrogen-terminated
SIMBS. The SIMS results are summarized in Table I, A thermal “final esleamn  surface to form Si-OH and Si-H species'®. For temperatures greater than 250 °C, the
a high-temperature thermal desorption of the thin oxide remainingom the st . Si-OH group will further react to form S8i-O-Si. These initial oxidation species can

following the indicated pretreatment. A beam “final dean” referstoa si ‘only be removed by desorption at elevated temperatures in excess of ::7‘50 8
assisted thermal desorption using a silicon fluxof ~001 As™. A spiin . Therefore, if the substrate is heated too quickly to the growth temperature, without

refers to the spin-clean procedure described here. ‘adequate time at low temperature for the desorption of physisorbed residues, these
We consider rat the taxbon levaly reported in Tablel. The residy residues will undergo disassociative chemisorption and remain on the substrate
levels at the epilayer—substrate interface for the majority of the samgples fa surface. Tosupport this premise and to assess the importance of the very low growth
the range of 0.014-0.028 ML. Given that concentrations obtained by temperature of 450°C, a silicon epilayer was grown on a substrate which was quickly
accurate to only within a factor of two, these data indicate that all ‘ramped to a growth temperature of 650 °C following the spin-clean. Again, a very
pretreatments and final cleans considered in Tablel result in sirmilar # high oxygen level was found at the epilayer-silicon interface. In both cases, the
residual carbon. With respect to the spin-clean, carbon levels from 0. residual oxygen level at the interface was comparable with the physisorbed oxygen
0.028 ML are observed for epilayer growth temperatures rangng fro ' level observed by XPS prior to any low-temperature desor ption step (~0.07 ML for
800 °C. Comparing these concentrations with those obtained by Femer ix:jso aJr(é riaat:t?llz,\:;l;?i ssillli;::g?rtel:tlﬁe:hl;f;?z;il;;agt e
immediately following the 150 °C etch-residue desorption step, but priot t ‘ .
heating to ghe epilayegr growth temperature (0 0523025 MLpof ca:l')l;'lou}‘,—' Cross-sectional TEM analysis was performed on the thermal-, beam-, and spin-
conclude that a 10 min desorption step at 150 °(:3in ultra-high vacuum is iff 'r‘;l?am:d samples grown at 800°C and 650°C reported in Table [. A typical
- remove most of the carbon-related residues. No further significant 1 Hicrograph is shown in Fig. 11. In all cases, impurity residues, seen as the dark

carbon residues occurs as the substrate s heated to the growth temperafu Inclusions in Fig, 1 l,are observed at the epi!ay‘er—subslrate interface. Thesg residues
is the highest growth temperature examined here). = arenot laterally uniform, but rather segregate into small patches along the interface.

i t TEM micrographs do not show any structural defects in the Si(111) epilayers
(@SSociated with these impurity clusters. It is not known at this time whether the
SMpurity clusters in Fig. 11 are dueto oxygen or carbon.

. In addition to carbon and oxygen, another impurity often observed at the
‘ Pilayer—silicon interface is that of boror Unintentional p+boron-doped layers

Pretreatments: (a) degreased and grew a .sacrificial 1000 A thermal oxide, as de
(b) precleaned using the procedure of Ishizaka and Shirak'?; (c) degreased for 10 minio

The various wafer pretreatments listed in Table I also address
whether it is necessary to remove the as-received surface of the substratela
carbon residues'®. Tablel compares samples in which (i) surface mate
removed by repeated solution oxidation and stripping using the pro
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Fig. 11. Low-resolution cross-section transmission clectron micro graph « typwalitforal] e
interfaces studied here.

=
have been reported by many laboratories following cleaning gpros
high-temperature thermal desorption of a thin oxide layer-2%2188 [z
that the mechanism for boron incorporation involves the gpresenuce
on the substrate surface?! and one would thus anticipates that he
clean procedure to remove the oxide prior to introduction: intotlhe g
would significantly reduce unintentional boron levels [m our p
demonstrated that the spin-clean procedure can reduce bsoron lievelﬁ
#7100 as compared with standard thermal-clean methods=

¥

5. SURFACE MORPHOLOGY ‘ e g
- ¥ i

13 STM opographol a substrate precleaned using the method of Ishizak and Shiraki'®, following a
desorption at 800 C of the thin oxide layer under ultra-high vacuum conditions,

Past studies of substrate cleaning technologies were ggeneraully
atomic cleanliness, with little attention given to the issmie of ‘wesult
morphology. With the development of scanning tunneling -microsco
now possible to examine in high resolution the topographmy and ele
of semiconductor surfaces following surface preparation.. For &3

STMtopographof a substrate precleaned using the method of Ishizaki and Shiral.ci.1 8 following
al desorption at 800 C of the thin oxide layer under ultra-high vacuum conditions and the
nt growth of a 100 nm silicon buffer layerat 700 'C and 0.2nms ™.

'

1

) 5 e 2233
flised to characlerize surface reconstructions on cleaved silicon surfaces as

on flash-annealed surfaces®*. Here, we apply STM topographic imaging to
1y observe the effects of various surface cleaning procedures on the substrate.
©logy.

' STM topograph of a Si(100) surface prepared by the method of Ishisaki and
%, but prior to a thermal desorption in the growth chamber, is shown in
The STM image is obtained after removing the thin oxide present following .

Fig. 12. STM topograph of a substrate precleaned using the method uf]s.‘l'nznkl
Shisaki and Shiraki clean using an HF ethanol spin-clean under nitrogen.

to thermal desorption of the thin oxide iayer. Thei image size is45 > S0nma.
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Previous STM studies have shown that the hydrogzen-teerminmnated o
prepared preserves the topography of the original Si—Si0,, in
topograph, which covers a 45 x 50 nm area, shows sevearal ssteps rrunnj
through the image. A root-mean-square (r.ms.) roughanesss of0.0.59 nmn
over this area. This roughness is slightly larger than thhat cobsevared [opr
wafers??, indicating that some roughnessif introd uced bythne rpeeatedee
in hot nitric acid. This is consistent withspot-profile anzalysiis ofloow-en
diffraction (LEED) measurements which indicate that acidil-etchmed
show very high atomic step densities compared with alkzalinme-ctelihe
Using the same method of Ishizaki and Shiraki, but kfollow
desorption at 800°C for 10 min, the STM image in. Fige. 13i&s ob
undulations in surface topography are apparent, with & r.im.s. e ughs
The significant increase in roughness is due to the reactiona ofthme subsst
with the thin SiO, layer at elevated lemperatures tos forrm thee vol
product SiO. This reaction in thicker Si0, films( = 5nrmn)orn siliceon hass b
to result in voids in the oxide and pitting of the substrate: sufumce?® IV
oxide desorption-induced roughness can be smoothed by the g=rowthm
buffer layer. As shown in the STM topographyin Fig. 14, thes largae und
been largely smoothed over by growth of 100 nm of siliconant 700%°C, witk
r.m.s. roughness of 0.4 nm,

eceiving (i) only a degrease or (ii) a more elaborate pre-clean involving a sacrificial
xide. it should apply equally well to substrates receiving other types of pre-cleans
such as the well-known RCA clean.
STM topographs demonstrated that high-temperature thermal desorption
) techniques thatinvolve the decomposition of a thin oxide layer via reaction with the
“underlying substrate result in significant roughening of the substrate surface. This
‘roughness can be smoothed by the subsequent growth of a silicon buffer layer. In
experimental situations where starting surface morphology is important and in
which silicon buffer layers cannot be grown (for example, GaAs on silicon epitaxy in
gsingle-chamber MBE system), the use of a spin-clean method will yield substrates
yith r.m.s. roughness equal to the as-received wafers.
In summary, the ex-situ spin-clean procedure, coupled with an in-situ 150 'C
‘desorption step, shows considerable promise for low-temperature growth tech-
nology for molecular beam epitaxy. The critical steps in this cleaning method and
the chemical basis behind these steps have been identified and characterized.
The research described in this paper was carried out by the Jet Propulsion
Laboratory (JPL), California Institute of Technology, and was supported by the
Strategic Defense Initiative Organization, Innovative Science and Technology
‘Office, and the National Aeronautics and Space Administration. The work was
performed as part of JPL's Center for Space Microelectronics Technology. J. H.
‘Mazur acknowledges support from the University of Southern California Faculty
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In this study, we have examined in detail the: prespanattion cof hyd i
terminated silicon surfaces for use as starting substrates for lmomo: i
epitaxial growth by molecular ‘beam epitaxy. It has besen dlemomstrat
the proper conditions, hydrogen terminated silicon surfaeces whi I R.A.A. Kubiak, E. H. C. Parker and S. . Iyer, in E. Kasper and J. C. Bean (eds.), Silicon Beam
passive with respect to impurity uptake can be prepazed. The coptim Epitaxy, Vol. I, CRC Press. Boca Raton, Florida, 1988, p.31.
involve a spin-clean technique under a flowing nitrogsen ax tmosyphere s 2 E. Yablonovitch, D. L. Allara, C. C. Chang, T. Gmitterand T. B. Bright, Phys. Rev. Lett., 57 (1986)
ethanol, with an ethanol rinse before andafter the.acid e ch. B ndenr such scon 249, el
total of 2307 of a monolayer ofoxygen-, carbon- and fluonrineczontairi ho: L: gu(rir;;s).;g'.sl Chabal, G. S. Higashi, K. Raghavachari and 8. B. Christman, Appl. Phys.
exist as physisorbed species on the hydrogen-terminatecd Sl!l!COﬂS“’ul'fm-; ¥.J.Chabal, G. . Higashi, K. Raghavachari, V. A. Burrows, J. Vac. Sci. Technol., A7 (1989) 2104,
residues are desorbed in the growth chamber under ultra-higgh ncuume 2 M. Grunder and H. Jacob, Appl. Phys. A, 39(1986) 73.
leave ~0.02 ML of carbon-related species at the epilaye r-sum bstra: te infesa " M. Grundner and R. Schulz, in G. W. Rubloffand G. Lucovshi (eds.), Deposition and Growth Limits
grown as low as 450 °C (the lowest temperature examimed im thiss W jp"o;;;icrr)elec!mnics, AIP Conf. Proc. No. 167, American Institute of Physics, New York, 1988,
the oxygen residues, it is necessary to carefilly ovigasilme hyectrog 7 S.1.Raider, R. Flitsch and M. J. Palmer, J. Electrochem. Soc., 122(1975) 413»

Slllcoln surface at IOW. tempelja.turc (130°C) i order to gprevemnt : P. Y. Grunthaner, F. J. Grunthaner, R. W. Fathauer, T. L. Lin, F. D. Schowengerdt, B. Pate and
physisorbed oxygen with the silicon surface. With carefal low w-tsmnperat J- H Mazur, inJ. C. Bean and L. J. Schowalter (eds.), Silicon Molecular Beam Epitaxy, Vol, 855,
ing, the oxygen residue at the epilayer—substrate interface is :zO_.DlDOSE - The Electrochemical Society, New Jersey, 1988, p. 375,

elaborate Substrats pretreatments designad fo rémote Somue o o ! :‘1 ?;;)u}dll:c noted, F]f-,wcv'en' 1%1;}1 pr?\;io]::)sg published work summarized from ref. 8 utilized Si(111)
3 Vs 4 - : , “L¥pesubstrates with resistivities of 1- cm,

suclace has 0o, cfiect, on' the amaun, of msidusl eukagy = f’ : it W Kaiscr, L.D. Bell, M. H. Hecht and F. J. Grunthaner, J. Vac. Sci. Technol,, A6 (1988) 519.
epilayer-substrate interface. The impurity levels ol_atalned Y. iy W. Kaiser and R. C. Jaklevic, Surf. Sci., 181 (1987) 5.

technique, coupled with careful outgassing at 150 °C in fkne goWth & P. . Grunthaner, M. H. Hecht, F. J. Grunthaner and N.M: Johnson, J. Appl. Phys.., 61 (1987) 629.
comparable with levels that remain at the epilayer-smbstiate in

standard high-temperature (800 °C) thermal desorptiom cleawning ame

be noted that, whereas in this study the spin-clean waiss appelied
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THE INITIAL STAGES OF GROWTH OF SILICON ON Si(l111) BY
SLOW POSITRON ANNIHILATION LOW-ENERGY ELECTRON
* DIFFRACTION

.

T M. HORN VON HOEGEN®, J. FALTA AND M. HENZLER
sl - nstitut [- Festkdrperphysik, Universitit Hannover (F.R.G.)
i | (Received May 30, 1989)

. Low-energy electron diffraction (LEED) is used to investigate the initial stages
~ of growth of silicon on Si (111) between 556 and 900 K. The partial coverages 6, of
~the growing film are derived from the intensity variation during evaporation of
the 00 and 7 x 7 spot. A preferred growth is observed in the second layer long before
the first layer is completed. Surface defects caused by superstructure disorder on the
! grown islands act as nucleéation centers for the diffusing adatoms, so at 633K
S, t ‘substrate temperature the grown islands show no ordered superstructure, although
TNy ~ the film is epitaxial. The 7 x 7 spots show all the features of diffraction of a substrate
- with a non-scattering overlayer for coverages below two monolayers. The grown
_ films show below 650 K an unordered superstructure, in an intermediate tempera-
- ture range a mixture of 5x 5 and 7 x 7 domains, and finally, above 870 K, perfect
7 x 7 superstructure. The average size of islands increases from 30 to 40 000 atoms.

-
L

" |. INTRODUCTION

Low-temperature epitaxial growth of silicon on silicon is of interest ior both
* the technological and scientific point of view. Not only the final fili fu alse
especially the growth process itself is of strong interest. Although many reflection
high-energy electron diffraction (RHEED) measurements exist, quantitative data
are lacking. Unfortunately RHEED intensity is largely determined by dynamic
effects which result from the grazing incidence and the high number of diffracted
beams. Time-resolved low-energy electron diffraction (LEED) is a better suited
ethod for observing growth, as kinematic diffraction theory is sufficient for the
~€valuation'; thus, parameters such as the coverage 0, in the different layers, the
~dverage island size, the island size distribution and the superstructure behaviour

‘during growth are available quantitatively without the need for dynamic
‘Caleulations.

- Usgsem address: IBM Thomas J. Watson Research Center, P.O. Box 218, Yorktown Heights, NY
SUS98 U S A,
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