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Growth of High Quality CdTe on Si Substrates
by Molecular Beam Epitaxy
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We have systematically s t u d i e d the g r o w t h of CdTe (111)B on Si(001)with
different atomic step structures, defined u n i q u e l y by m i s c u t tilt a n g l e and
direction. X-ray double crystal rocking curve (DCRC) analysis has been used to
evaluate the crystalline q u a l i t y and twin c o n t e n t of the films. High-resolution
electron microscopy has been used to examine the CdTe(111)B/Si(001) interface
and to follow the microstructural evolution as a function of distance from the
interface. Our r e s u l t s show that the formation of double domains and t w i n s is
very sensitive to the tilt parameters. When g r o w t h conditions are optimized,
t w i n s are not observed a t distances greater than a b o u t 2.5 microns from the
substrate surface. The best q u a l i t y films exhibit a DCRC FWHM of 60 arc sec,
for a film thickness of 17 pm, the lowest v a l u e ever reported for heteroepitaxial
g r o w t h of CdTe on Si or GaAs. In efforts to improve the nucleation process,
precursors such as Te and As have been used, and we have s h o w n that they
improve the stability of the heterointerface.
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INTRODUCTION
Successful g r o w t h of CdTe on Si substrates pro-

vides inexpensive, rugged, large-area substrates for
subsequent g r o w t h of HgCdTe. Furthermore, CdTe/
Si provides a n opportunity to integrate a Si-based
s i g n a lprocessing system and HgCdTe-based infrared
detectors onto a single chip resulting in a n extremely
compact focal-plane array. The Microphysics Labora-
tory a t the University of Illinois a t Chicago reported
the f i r s t direct g r o w t h of CdTe on Si substrates in
1989.1 Since t h a tt i m e , tremendous progress has been
made both in the m a t e r i a lq u a l i t y of the CdTe epilayer
and in the fundamental u n d e r s t a n d i n g of this chal-
lenging heteroepitaxial interface.

The heteroepitaxial g r o w t h of CdTe on Si poses
some extreme difficulties due to the large lattice
m i s m a t c h (-19%), t h e r m a l expansion coefficient mis-
m a t c h and the valence m i s m a t c h between the sub-
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s t r a t e and epilayer. These lead to l a r g e dislocation
densities a t the interface and a drastic change in the
n a t u r e of the b o n d i n g a t the interface. The l a r g e
lattice mismatch also induces a change in symmetry
of the heteroepitaxy. For example, on a Si (001)
substrate, CdTe grows preferentially in the ( l l l ) B
orientations.1 Double domains and t w i n s are the most
commonly observed defects t h a t severely degrade the
q u a l i t y of the C d T e ( l l l ) B heteroepitaxial film. The
successful g r o w t h of high q u a l i t y CdTe epilayers
depends crucially upon effective suppression oft h e s e
defects close to the interface.

Double domains and t w i n s a r i s e from the change in
symmetry from the n o m i n a l Si(001) surface to the
CdTe ( l l l ) B g r o w t h surface. By u s i n g Si wafers with
surfaces deliberately t i l t e d away from (001), this
s t u d y correlates defect formation in CdTe epilayers
with Si surfaces exhibiting different atomic step struc-
t u r e s . These surface configurations are defined by the
two tilt parameters 0 and ¢, w h e r e 0 is the a n g l e
b e t w e e nSi [001] and the surface normal, and ¢ is the
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Fig. 1. High-resolution electron micrograph showing curved domain
boundary (arrowed) extending from coherent CdTe/Si interface.

azimuthal angle with re spec t t o Si [110]. Defect den-
si t ies are determined by double-crystal rockingcurve
(DCRC) analysis as well as high-resolution t ransmis -
sion elec t ron microscopy (TEM), which c a n revea l
atomic-scale fea tures t h r o u g h o u t t h e epilayer.2 The
TEM images demons t ra te a n ab rup t CdTe/Si inter-
face a n d confirm t h e relat ionship be tween tilt param-
eters a n d defec t suppression. Both DCRC a n d TEM
indica ted t h a t s m a l l 0 (~1°) is suff ic ient to suppress
t h e formation o fdouble domains3 a n d t h a t t h e p a r a m -
e t e r ~ c a n great ly inf luence t h e propaga t ion oflamel-
lar twinning defects.4

EXPERIMENT
All Si substrates were cleaned using modified R C A

cleaning methods. The substrates were first degreased
in H 2 0 : N H 4 O H : H 2 0 2 (5:1:1), rinsed in deionized H 2 0,
then etched in H F (-2%). Finally, a thin protective
oxide w a s chemically g r o w n using H20:HCI:H202
(5:1:1) before loading the sample into vacuum. M B E
growth w a s carried out in a Riber O P U S 45 prototype
manufacturing system, capable of growing one 5 inch
wafer orthree 2 inch wafers. The latter capability was
extremely useful for this study since three wafers
with different substrate tilt parameters could be
g r o w n u n d e ridentical growth conditions. The wafers
were outgassed at -400°C in a preparation c h a m b e r
before they were transferred into the growth c h a m -
ber, w h e r e the protective oxide was thermally re-
m o v e d at ~850°C. Oxide removal was monitored with
in situ reflection high energy electron diffraction
( R H E E D ) . The wafer was finally cooled to the appro-
priate deposition temperatures.

D u r i n g the cooling process various precursor fluxes
(i.e. As, Te, Z n T e ) were introduced to modify the
surface. O u r best layers have been achieved by expos-
ing the Si surface to an A s flux while the substrate
cools from 750-350°C a n d t o a Te flux dur ing cooling
from -450-350°C. The role o f t h e As p recu r so r is

u n d e r investigation. We hypothesize t h a t As may ac t
as a su r f ac t an t , su r face p a s s i v a n t , o r a n interfacial
l ayer o r in some combinat ion o f t h e s e functions. We
h a v e confirmed1 t h a t a ZnTe buf fe r layer prese rves
t h e crystallographic or ien ta t iono ft h e substrate, which
t h u s m a k e s possible t h e growth o f CdTe(001) onto
Si(001) a n d o f CdTe(211) onto Si(211).

The CdTe layer is grown according to t h e following
typ ica l mult i -s tep process: 210°C for 2 min; 250°C for
10 min; annea l ing u n d e r a Te flux 360°C for 10 min;
a n d growth a t 310°C for 16 h .

Cross-sectional TEM spec imens were prepared fo r
observation a long Si [ 110] a n d [ 1 10] d i rec t ions u s i n g
a rod-and- tube method s i m i l a r t o t h a t u s e d b y
B r a v m a n a n d Sinclair2 Following mechanically th in -
n ing a n d dimpling to thicknesses o f 1 5 - 2 5 ~tm, t h e
spec imens were ion-milled to perfora t ion with 5 keV
A r ÷ i o n s . A JEM-4000EX 400 keV high-resolution
elec t ron microscope (HREM) with a n interpretable
reso lu t ion o f - 0 . 1 6 n m was used for observation.

RESULTS

Suppression o f Double-Domain Formation by
Optimization o f the Tilt Angle (0)

The nominal Si (001) r econs t ruc t ed sur face with
atomic-scale r o u g h n e s s has two types o f domains ,
c i rcumscribed by atomic steps. T h e s e domains are
ident if ied by t h e or ien ta t ion o f t h e dimerized bonds,
e i the r paral lel o r perpendicu la r to t h e step edges,s
The in t roduc t ion of a tilt to t h e Si sur face reduces t h e
symmetry o f t h e su r face , crea tes a dominant step
direct ion a n d the reby establishes a preferent ia l do-
main or ien ta t ion for CdTe growth .

Growth o f CdTe (111)B o n t h e nominal Si (001)
sur face is character ized by t h e formation o f double
domain reg ions , with C d T e [ 1 1 0 ] I$ Si[110] a n d
CdTe[112] t] Si[110]. This resul t has b e e n confirmed
by x - r a y double-crystal rocking curve3 analysis as
well as by TEM imagingY The typ ica l la teral size o f
each domain is 2 ~m, a n d t h e y of t en extend from t h e
interface to t h e top sur face o ft h e epilayer. In compari-
son, t h e average terrace size on t h e Si sur face is a b o u t
two orders o f magni tude less, implying t h a t t h e ac tua l
ter race size is n o t so important in inf luencing t h e
domain s t ruc tu re .

The in t roduc t ion o f even a s m a l l (0 = 1 °) s u b s t r a t e
tilt angle toward [110] (O = 0) effectively suppresses
t h e formation ofdouble domain regions in t h e epilayer.
TEM resul t s show t h a t CdTe [11 2] a l igns preferen-
tially a long t h e di rec t ions o f t h e step edges, e i the r
Si[ 110] o r [ 1 1 0 ] . The lat t ice mismatch is r educed t o
3.4%, r a t h e r t h a n 19% in t h e orthogonal d i rec t ion .
Reg ions character ized by CdTe[11 2] II Si[110], which
are observed a t t h e in ter face , are mostly suppressed,
typically within 3 0 - 4 0 nm o f t h e in ter face , a n d
C d T e [ l l 2] ]] Si[ -110] rapidly becomes t h e dominant
or ien ta t ion . This effect c a n be clearly seen in Fig . 1
where t h e initially ver t ica l domain boundary rapidly
becomes curved toward a direct ion paral lel to t h e
in ter face .
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Suppression of Twin Defects by Optimization
of Tilt Orientation (¢)

Both l a m e l l a r twins a n d double positioning twins
were observed in t h e CdTe epi layers . Double-posi-
t ion ing twins resul t from is land growth n e a r t h e
interface; they form a t t h e boundar ies be tween coa-
le sc ing i s l ands .L a m e l l a rtwins form along t h e growth
direction; they can b e character ized b y 180° ro ta t ion
a b o u t CdTe [111]; i.e. CdTe [ 1 1 3 ] II Si [ 1 1 0 3 o r Si
[ 1 10]. Prev ious DCRC stud ies4 h a v e shown t h a t both
tilt parameters , 0 a n d O c a n h a v e a p ro foundeffect on
twin density. However , DCRC analysis suffers from
t h e drawback t h a t it provides a n average measure of
m a t e r i a l proper t ies t h r o u g h o u t t h e d e p t h o f x - r a y
pene t ra t ion . The localized nature o f t ransmiss ion
elec t ron microscopy imaging provides more reliable
information a b o u t t h e var ia t ion o f twin d e n s i t y
t h r o u g h o u t t h e epilayer.

Transmiss ion elec t ron microscopy observations 7
suggest t h a t th ree factors h a d a n inf luence o n t h e
d e n s i t y o f lamellar twins , namely, proximity to t h e
in ter face , proximity to double domain boundar ies a n d
s m a l lva lues ofqb (0-10°). All samples , i ndependen t of
tilt parameters , exhibited large twin dens i t ies n e a r
t h e interface (76-92/}am). Fo r double domain CdTe
films, grown on nominal Si (001) twinning pers i s t s
t h r o u g h o u t t h e layer. In one sample a t a d i s t ance o f
0.9 }am a b o v e t h e in ter face , t h e d e n s i t y o f lamellar
twins dec rea sed from 47/}am n e a r a domain boundary
to 20/}am at a d i s t ance o f 1.5 }am away from t h e
b o u n d a r y .

The observed correla t ion o f l a m e l l a r twin d e n s i t y
a n d t h e proximity t o domain boundar ies implies a
strain field inf luence on l a m e l l a r twin format ion. A
s m a l l i nc rease in tilt o r ien ta t ion (0 = 1°, ¢ = 4°)
localizes twinning dens i t ies to within 5 }am o f t h e
in ter face . By increas ingq~to 2 4 - 3 0°, t h e formation o f
twins is effectively suppressed in regions o ft h e epi layer
fu r the r t h a n a b o u t 2 }am from t h e inter face . In t h e
m o s t recent ly grown samples , t h e twinning is local-
ized to within a b o u t 0.5 }am above t h e in ter face .

Influence of Growth Temperature on Twin
Formation

The preced ing resul t s on twin suppression rela ted
to s u b s t r a t e tilt assume t h a t a n optimized growth
sequence has been es t ab l i shed . To determine t h e
appropr ia te growth tempera ture , a ser ies o f six CdTe
layers were grown o n ident ica l 3 inch , d o p e d ,
misor iented Si (001) s u b s t r a t e s (0 = 1.5 ° a n d O = 30°).
The temperature sequence was different fo r each
sample , while all o t h e r growth parameters were u n -
c h a n g e d . The CdTe layers were eva lua ted b y DCRC,
a n d all were f o u n d to exhibit s ingle domains . The
sample grown with t h e previously c i ted growth se-
q u e n c e (210/2 min; 250/10 min; 310/16 h ) was twin-
free . As t h e growth temperatures were ra ised t h e
twin c o n t e n t inc reased . Us ing a growth sequence of
(250/2 rain; 290/10 min; 340/16 h ) resu l t ed in a com-
pletely twinned layer.

CdTe (111)B Layer Quality

Figure 2 records some o f t h e l o w e s t DCRC FWHM
we h a v e measured for CdTe (111) B on Si o f va r ious
epi layer thicknesses. The th i ckness dependence o f
t h e FWHM c a n be analyzed on t h e basis o f t h e TEM
images o ft h e interface a n d t h e effect o fx-ray pene t r a -
t ion d e p t h on DCRC resu l t s . Defect dens i t ies are
a lways h igh n e a r t h e interface b u t t e n d to d i s s ipa te as
t h e layer g r o w s . T h u s , t h e i r overal l effect is r educed
in th icker layers . The 17 }am layer exhibited t h e
l o w e s t FWHM o f60 arc sec. The 1° samples a n d t h e 4°
samples h a d somewhat different oxide removal pro-
cesses. The 4° samples experienced a s lower hea t ing
process, b u t all samples are single domain a n d twin-
free . The discrepancy be tween t h e 1 a n d 4° samples is
current ly u n d e r investigation.

Dislocation dens i t ies are a crucia l character is t ic o f
CdTe epilayers in t ended fo r use as s u b s t r a t e s fo r
HgCdTe growth , s ince dislocations p ropaga t e in to t h e
MCT a n d signif icantly degrade device performance.
No direct etch pit d e n s i t y ( E P D )c o u n t s o ft h e s e CdTe
epilayers h a v e b e e n performed. However , some CdTe
( l l l ) B / S i (001) layers have b e e n u s e d as s u b s t r a t e s
fo r both liquid p h a s e epitaxial ( L P E ) a n d MBE growth
o f MCT,s a n d EPD c o u n t s were t a k e n on t h e MCT.
MBE grown MCT s h o w e d typ ica l EPD values o f
3 x 107 cm-2 a n d a best va lue o f 4.3 × 106. LPE grown
MCT epilayers exhibited EPDs as low as 5 x 10~ cm-~,
which is comparable to t h e best repor ted values fo r
MCT grown on CdTe/GaAs/Si.
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Fig, 2. Highest quatity CdTe(111)B layersgrown on Si(001)with ~)=1 °, ~ =
30° ( ) and 0 = 4°, 0 = 28 ° (O). Al l layers were single domain and twin-
free.
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I n f l u e n c e o f P r e c u r s o r s

In o rde r to improve t h e nuc lea t ion process seve ra l
p r ecu r so r s , inc luding As, Te, a n d Z n T e , h a v e been
used pr ior to CdTe growth . All samples indica ted in
Fig . 2 were grown u s i n g a h igh temperature As
predepos i t ion a n d a l o w e r t e m p e r a t u r e Te
predeposition as desc r ibed above. Our resul t s show
t h a t predeposition o f Te is e s s e n t i a l fo r t h e growth o f
h igh qual i tysingle c rys t a lC dTe (111)B. Layers grown
wi thout Te depos i t h a v e exhibited n o n s p e c u l a r sur-
face morphology a n d very b road DCRCs, indicat ive o f
CdTe ( l l l ) A o r a m i x e d A-B p h a s e . S i m i l a r d e p e n -
d e n c e o ft h e use ofTe predeposition a n d CdTe polar i ty
has b e e n repor ted by Sugiyama a n d Nishijima.9 Their
resul t s are consistent with o u r observations desp i t e
differences in experimental de ta i l s . Fo r example, in
t h e i r experiment Te exposure occurs a t c o n s t a n t sub-
s t r a t e tempera ture , while o u r predeposit occurs while
t h e s u b s t r a t e cools from t h e oxide desorption tem-
perature toward t h e growth tempera ture . Addition-
al ly , we u s e CdTe as a predeposition s o u r c e o fT e . This
d ic ta tes o u r low temperature l imi t to t h e predepos i t
(-350°C) s ince we wish to avoid t h e ini t iat ion o f CdTe
growth dur ing t h e cooling process, when t h e sub-
s t r a t e temperature is u n s t a b l e . The predeposition
ini t iat ion temperature has n o u p p e r limit. Layers
grown with CdTe flux ini t ia ted shor t ly a f te r oxide
removal (~800°C) exhibit specu l a r sur face morpholo-
g i e s , a n d nar row DCRCs, indicat ive o fB-face g rowth .
W e h a v e n o t systematical ly es t ab l i shed t h e low tem-
perature l imi t fo r predeposition init ialization.

The deposition o f As shor t ly a f te r oxide removal
seems t o improve t h e interface s tab i l i ty . High tem-
perature oxide removal c a u s e s outgassing o f chamber
wal ls , which in turn in t roduces damaging contami-
nan t s (i.e., c a r b o n , oxygen) t o t h e ac t ive Si su r face .
Arsenic t e n d s to p a s s i v a t e t h e ac t ive Si surface. Dur-
ing TEM sample prepara t ion , it was f o u n d t h a t CdTe
layers grown on Si wi thout As predeposition t e n d e d to
pee l of f the s u b s t r a t e whereas t h o s e with As did not.
This weak a d h e s i o n o f t h e epi layer was fur the r con-
firmed by temperature cycling experiments on th ick
CdTe/Si. A 25 ~m CdTe epi layer grown on a doped,
0 = 1.5 °, Si s u b s t r a t e was cycled rapidly five times
from room temperature to 77K by dipp ing in to liquid
n i t rogen . Layers grown wi thout As predeposition
pee led off o r cracked , whereas layers with As
predeposition exhibited n o observable cracking o r
pee l ing .

As repor ted earlier, 1 experiments with ZnTe as a
buf fe r layer show t h a t it mainta ins t h e crystallographic

or ien ta t ion o f t h e s u b s t r a t e . We h a v e grown CdTe
(001)/Si (001) a n d CdTe (211) B/Si (211) by depositing
a thin ZnTe interfacial layer.

C O N C L U S I O N S

We c a n routinely g r o w single domain , twin-free
CdTe(111)B heteroepi taxial layers o n misor iented Si
(001) substrates. TEM images of t h e s e layers gener-
ally revea l sharp in te r faces , character is t ic o f coher-
e n t g rowth . T h e s e images a n d x - r a y DCRC analysis
h a v e b e e n used to systematical ly inves t iga te t h e role
o f s u b s t r a t e misor ienta t ion in epi layer qua l i ty . The
tilt parameter 0 is important fo r t h e formation o f
single domain epilayers a n d t h e tilt parameter ¢ is
re la ted to t h e formation o f l a m e l l a r twin defects.
Temperatures used dur ing t h e different s t e p s of t h e
growth process are very important parameters fo r
defec t suppression. High growth temperatures c a u s e
h igh dens i t ies o f twinning defects a n d overal l poor
qual i ty ep i layers . U n d e r optimized growth a n d tilt
parameters (0 = 1° a n d ¢ = 30°), DCRC FWHM o f less
t h a n 100 arc sec c a n be routinely g rown . The best
layer has a FWHM o f60 arc sec. The u s e o fprecursors
such as As, T e , a n d / o r ZnTe he lps in stabil izing t h e
hetero in ter face a n d / o r t h e crystallographic or ien ta -
t ion .
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