Electronic properties of Si/Si ;_,_,Ge,C, heterojunctions

B. L. Stein and E. T. Yu?
Department of Electrical and Computer Engineering, University of California San Diego, La Jolla,
California 92093-0407

E. T. Croke and A. T. Hunter
HRL Laboratories, Malibu, California 90265

T. Laursen and J. W. Mayer
Center for Solid State Science, Arizona State University, Tempe, Arizona 85287-1704

C. C. Ahn
California Institute of Technology, Pasadena, California 91125

(Received 10 November 1997; accepted 2 March 1998

We have used admittance spectroscopy and deep-level transient spectroscopy to characterize
electronic properties of Si/Si,_,GgC, heterostructures. Band offsets measured by admittance
spectroscopy for compressively strained Si/Si,GgC, heterojunctions indicate that
incorporation of C into Si , ,GgC, lowers both the valence- and conduction-band edges
compared to those in Si,Ge, by an average of 1076 meV/% C and 756 meV/% C,
respectively. Combining these measurements indicates that the band alignment is type | for the
compositions we have studied, and that these results are consistent with previously reported results
on the energy band gap of,Si,_,GgC, and with measurements of conduction band offsets in
Si/Sh_,C, heterojunctions. Several electron traps were observed using deep-level transient
spectroscopy on twan-type heterostructures. Despite the presence of a significant amount of
nonsubstitutional G0.29-1.6 at. % none of the peaks appear attributable to previously reported
interstitial C levels. Possible sources for these levels are discussed99® American Vacuum
Society[S0734-211X98)10003-3

[. INTRODUCTION rication, and characterization of such devices, however, ad-
ditionally requires the accurate measurement of the energy

devices has led to dramatic improvements in performancgaFd offs_,etstﬁ SI/f?th_yGfe(Cy hett)ert(?tjutnctlolrl ‘:‘: Mort(:]ovez,
and functionality of Si-based electronic and optoelectronic etermining fhe efiects of nonsubstitutional & on e elec-

devices. For example, SiiSi,Ge, heterojunction bipolar tronic structure of these alloys is another key step to realiz-

transistors have been fabricated with a power gain cuto gAfIrt]k? s€ (:lewces. . band offset t
frequency.f max, Of 160 GHZ and with a current gain cutoff ough measuring energy band OTISELS presents many

frequency.f,, of 113 GHz2 Additionally, improvements in challenges to the experimentalist, admittance spectroscopy
both the ’ttrf’:msconductances and th’e mobilities in botlpas been used successfully on several material systems in the

p-channel andn-channet heterojunction field-effect transis- past-°"*?In this article we present admittance spectroscopy

tors with Sj_,Ge, based materials have been demonstrated'.neasurements Of. valer?ce—.an_d conduction-band ofisdis,
However, the 4.18% lattice mismatch between Si and G NdAE,, respectively, in SI/SL—,GeCy heterostructures.

imposes significant restrictions on composition and laye | dethalltzdg Sdgscnpnon c:cfththe tecrlmlque can dbe ftognd
thickness in Si/Si_ G, heterostructures. elsewhere?” Since many of the samples examined contain a

substantial fraction of nonsubstitutional (3.29-1.6 at. %

Recently, considerable progress has been made in the ) .
5-10 We also examined some of these samples using deep-level

growth and characterization of ;Si,_,GgC, alloys; : : . X
which offer considerably greater flexibility, compared to thattran3|ent spectroscofin an effort_to gain an understandmg
of the influence of nonsubstitutional C on the electronic

in the Si/Sj_,Ge, material system, to control strain and

electronic properties in group IV heterostructures. In particu-s’trlJCture of these alloys.
lar, the smaller C atom compensates for the compressive

s_train present in $i,Ge, leading to the _possibility of fab- 1I. EXPERIMENT

ricating group IV heterostructures lattice matched to Si

substrateS- ' Recent measurements of the total energy band Several multiple quantum wel(MQW) samples were
gap for Sj_,_,GeC, compressively strained to $D01) grown by soli(_j-source molecular beam epita(MBE) on Si
indicate that incorporation of C into Si,_,Ge,C, increases (001 conducting substratésee Table)l The epilayers con-

the band gap by 21—26 meV/%'€: 1> Effective design, fab- Sisted of a 2000 A Si buffer layer, followed by 150-250 A of
Si;_,Ge or Si,_,,GgC, alternating with 350 A si for ten

; ; ; 6
aAuthor to whom correspondence should be addressed: electronic maiP€riods  with dOPant_ concenFratlons of %40 and 1
ety@ece.ucsd.edu X 10 cm™3, respectively. Eitherp-type (B-doped or

Research on Si/gi,Ge, heterostructure materials and
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(@) n-type Si/Si_,_,G&C, MQW structure is shown in Fig.
1(a). Al Ohmic contacts were then deposited on the back-
sides of the samples.

In addition, several Si/$i, ,GgC, heterostructures
were grown by chemical vapor depositig@VD) in a single
wafer reactor on Si(001) conducting substrates. These
samples consisted of a 500gktype Si buffer layer, a 300 A
p-type Si _,_,GgC, single quantum wellSQW), a 2000 A
p-type Si spacer, and finally a 600 itype Si cap[see the
energy band diagram in Fig(l)]. All the layers had dopant
concentrations of approximatelyx110t” cm~3, except the
cap which had a dopant concentration of 50'8 cm ™3, Ex-
tensive characterization of previous growths provided an ac-
curate calibration of the Ge and C concentrations. Singe a
junction is used to perform the admittance spectroscopy on
these samples, 300m diameter circular Al Ohmic contacts

were deposited on the top sides of these samples followed by

Fic. 1. (a) Schematic energy band diagram forratype MQW heterostruc- a mesa etch and an Al Ohmic backside contact
ture grown by MBE.(b) Energy band diagram for p-type SQW hetero- ’
structure grown by CVD.

Ill. RESULTS AND DISCUSSION

n-type (Sb-doped structures were used for measurement of,A' Admittance spectroscopy

respectively, AE, and AE.. The heterostructures were  We first examined severgb-type Si/Sj_,Ge, hetero-
grown at 450 °C, with some capped by an additional 2000 Astructures to verify the validity of the measurement tech-
Si. Several samples were grown using Sb as a surfactant toque (see samples MBE-1-3 in Table. IValence-band
improve structural quality® In all cases the thickness of the (VB) offsets measured for these SiSjGe, were found to
MQW structure was below the critical thickness for strainbe in excellent agreement with accepted vaftié§ Admit-
relaxation?? X-ray diffraction (XRD), ion channeling, and, tance measurements were then performed on various
in some cases, transmission electron microscGpiEM) Si/Sk _x—,GgLC, heterostructures. Figure 2 shows the con-
were performed to confirm the high structural quality of theductance and capacitance measured as functions of tempera-
samples. The Ge concentration was determined using Rutldre for various frequencies for sample CVD-1. Conductance
erford backscattering, and the C concentration was then dgeaks and capacitance steps arising from temperature-
termined by applying a strain compensation ratio for Ge:C ofdependent thermionic emission from the quantum well are
9.44:1, which is given by a linear interpolation of lattice clearly observed. The inset in Fig. 2 shows an Arrhenius plot
constants between Si, Ge, and 3C-SiC, to the XRD patterngf f and T,,, from which an activation energy of 68

In addition, secondary ion mass spectroscopy was used tt19 meV is obtained. The VB offset derived from this acti-
determine the total C concentration. vation energ}® was found to be 8820 meV.

Schottky barrier diodes required for the admittance mea- Similar measurements were performed on the other het-
surements were formed by deposition of Cr/Au circular con-erostructures, and a summary of the results can be seen in
tacts 150—30Qum in diameter, followed by a mesa etch in a Fig. 3 and Table I. As shown in Fig. 3, incorporation of C
CF,/O, plasma. A schematic energy band diagram for arinto Si_,_,Ge,C, lowers both the conduction-band- and the

TaBLE |. Summary of results for Si/gi,Ge, and Si/Sj_,_,GgC, heterostructures analyzed.

Ge conc. Subst. C Total C Sb Measured band
Sample No. Type (at. %) conc.(at. % conc.(at. % surf.? offset (meV)
MBE-1 p 10.6% 0% N/A No AE,=108+20
MBE-2 p 17.9% 0% N/A No AE,=160+20
MBE-3 p 25.5% 0% N/A No AE,=198+12
MBE-4 P 20.6% 0.44% 0.48% No AE,=118+12
MBE-5 p 39.4% 1.14% ? Yes AE,=223+20
MBE-6 n 16.9% 1.14% 2.80% Yes AE,=100+15
MBE-7 n 23.4% 2.21% 3.62% Yes AE =275+23
MBE-8 n 9.3% 0.81% 1.10% Yes No peaks
MBE-9 n 29.3% 2.37% 4.21% Yes AE =149+21
CvD-1 p 30% 1.50% ? No AE,=88+20
CVD-2 p 25% 1.25% ? No AE,=59+17
CVD-3 p 25% 1.50% ? No AE,=43*11
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50 F thermore, these comparisons show that our band offset val-
ues are in quantitative agreement with reported values for
o 40t AE, over the range of compositions for which we have mea-
= sured the band offsets. Combining our average change in
O 30k 318.4 ] AE,, 107+6 meV/% C, with our average change AE_,
§i§-(2) 75+6 meV/% C, we obtain a value for the change in band
20 2178 gap,AE,, of 329 meV/% C(for substitutional ¢. One of
o I 176 i the samples, MBE-7, exhibits a significantly stronger depen-
C 100 104 108 112 116 | dence ofAE; on C concentration than do the others. This
B 10F (@) —>, ) 1 sample, however, contains a large C concentration, 2.21
O at. % substitutional and 3.63 at. % total, and this anomalous
0 — dependence may arise partly from the presence of a particu-
0 50 100 150 200 250 larly high concentration of nonsubstitutional C.
T (K) We may extrapolate our measured band offsets to a wider

range of Ge and C composition using the model-solid ap-

Fic. 2. Capacitance and conductance @-gype Si/Sj ggGe) 38C0.015 SQW
structure(sample CVD-] as functions of temperature f¢a) 400 kHz, (b)
500 kHz, (c) 600 kHz, (d) 800 kHz, (e) 1 MHz. Inset: Arrhenius plot of
frequency € ) and the peak temperaturd () at which the conductance
peak is observed.

proach described by Van de WaffeUsing this approach,
which systematically incorporates both the compositional or
“alloy” contribution and the strain effect on the band offset,
we have confirmed that our measured valueAd, is in
agreement with estimates of SiSjC, conduction-band
offsets obtained from electrical and photoluminescé&hce
[feasurement<C—V measuremerdé on Si/Si_,C, metal-
oxide-semiconductor field-effect transistor structures yielded
E.=40 meV for Si/S}g9éCo 004 and AE.=70 meV for
i/Skh 900L0.008 IN cOmparison, our measurements would in-

valence-band-edge energies compared to those for pu
Si;_Ge,, while slightly increasing the total band gap. Com-
parisons of our measured Si{Sj_,Ge,C, band offset val-

ues with reported results for the change in total energy ban

gap, AEg, of 21-26 meV/% C (substitutional G for dicate values of 5218 meV and 10622 meV, respec-

- - - 12_15 . -
S'lt*X*chG?(tiy %omgrelsswely ftframed to $®(|)1) <t |nd||— £ dvely. Hall measurementdon a Si/Sj ¢4Co 0, QW suggest a
cates that the band alignment for our Samples 1S type 1. FUfG,,er hound on the CB offset of 150 meV; our results cor-

respond to a CB offset of 26114 meV.
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B. Deep-level transient spectroscopy

Using the notation E() to denote an electron trap level at
energy E—x eV, C has been found to form several electron
traps in Si, including an interstitial; level at E(0.12%° and
a C;-Si pair at E(0.17)*° As shown in Table |, many of the
samples contain a significant fraction of C incorporated non-
substitutionally. Deep-level transient spectroscdpy.TS)
was performed on several of the samples to assess the impact
of this nonsubstitutional C on the electronic structure of
Si;_x—,GgC, alloys. Interpretation of the spectra is compli-
cated by the presence of the quantum wells because, under
certain measurement conditions, one would expect emission
from the wells to display itself as a DLTS peak. For all of the
measurement conditions we have used, there were no DLTS
peaks at the activation energy corresponding to the peaks in
the admittance spectra, indicating that we are in fact observ-
ing deep-level traps. DLTS spectra from sample MBE-6 that
was obtained foW e,= =1V, V= —0.1V, a pulse width
of 1 ms, and various rate windows is shown in Fig. 4. We
observe three clear deep levels corresponding to electron
traps at E10.231+0.020, E2(0.334+-0.008, and E30.405

Fic. 3. Summary of measured valence- and conduction-band-edge energies0.012. The largest of these peaks corresponds to a trap

measured as a function of lattice mismatch and equivalent Ge concentratighgncentration of approximately >210'° cm 3. There also

for Si_Ge, (open circlesand Si-,,G8,Cy (closed triangles The solid appear to be several minor peaks within the spectrum, but

lines represent interpolated band-edge energies for,Sg , while the dot- . . !
accurate activation energies could not be extracted. In

ted lines indicate the effect of C incorporation intq Si_,Gg,C, with fixed 4 _ )
Ge concentration. sample MBE-8, for which no peaks in the admittance spectra
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1000 r . . T . . nonsubstitutional C contributes additional states above the
500 E3&).405) 1 conduction-band edge of Si, ,GgC,, thereby adding to
L EZ(% 1 il the density of states within the quantum wells.
ol L i

DLTS Signal AC (arb. units)

500 | E1(0231) s i& ' ] IV. CONCLUSION
-1000 | \\j\ &Sﬁ i Admittance spectroscopy and deep-level transient spec-
\W\ 11l troscopy have been performed to elucidate the electronic
-1500 | 1 \x&a v (- structure of Si/Si_,_,GgC, heterostructures. Both the
22000 | N 3 conduction- and valence-band offsets have been extracted
. . . . . . from the admittance spectra, and both band-edge energies
0 50 100 150 200 250 300 350 were observed to decrease, compared to those of pure

T (K) Si;_,Ge,, with increasing substitutional C incorporation in
Si;_,,GgC,. The resulting conduction-band offsets may
allow Si/Si_,,GgC, or Si/Sj,_,C, heterojunctions to pro-
vide an attractive alternative to Si{SiGe, grown on strain-
relaxed Sj_,Ge  buffer layers for fabrication ofi-type het-
erostructure devices. DLTS measurements have revealed the
were observed, we observed a single DLTS peak that corrgeresence of a number of deep electron traps in,Si,Ge,C,
sponds to an electron trap at ®4356+0.023. alloys. Previously reported interstitial C levels were not ob-
A large number of deep levels have been identified in Sserved, despite the presence of a substantial fraction of non-
and Sj_,Geg, by deliberately incorporating a known substitutional C. Work is currently in progress to further
impurity,** by deliberately damaging the sample usingcharacterize the effects of this nonsubstitutional C on the
etching? or radiation bombardmert, or by combining electronic structure of these alloys.
DLTS with other measurements, such as electron paramag-
netic resonanc& Although additional measureme_nts h_ave_ACKNOWLEDGMENTS
not been performed on these samples, we have identified in ) )
the literature some possibilities for the sources of these traps. The authors would like to thank M. Robinson, J. E. Huff-
For Si_,Ge,, previously reported measurements of theman, and R. Westhoff at Lawrence Semiconductor Research
compositional behavior of the trap energy levels suggest thdtaPoratory for growth of the CVD samples. The authors
the energy levels are pinned to an absolute reference energyould like to acknowledge support from DARPA MDA972-
thereby displaying a shift in measured activation energy?>-3-0047 for work at UCSD, HRL, ASU, and LSRL and

equal in amount to the shift in the relevant band edgefom ONR Grant No. N00014-95-1-0996 for work at UCSD.

energy®>3® Therefore, we have used the model-solid ap_E.T.Y. would Iike_ to acknowledge receipt of a Sloa_n Re-
proach to shift our measured levels by the expected value foiearch Fellowship. B.L.S. and E.T.Y. would also like to
AE,, which is 10716 meV for MBE-6 and 7211 meV thgnk S. S. Lau for access to part of the equipment used in
for MBE-8. When this calculation is performed, we are left this work.
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