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Abstract

We have grown pseudomorphic single crystal Sij_y. chcy
ipers on Si (100) substrates by Rapid Thermal Chemical
\.:\;\:r Deposition with up to 2.5% substitutional carbon.
Capacitance-voltage  as well as admittance spectroscopy
~casurements have been used to study the effect of carbon on
+¢ yalence band offset of compressively strained Sij_y.
.Ge,Cy / (100) Si heterojunctions. The valence band offset of
Sij.x, 08 Cy/Si decreased by 25-30 meV as 1% carbon was
yided’ Previous studies showed that 1% carbon increased the
~sndgap of sirained Sij_yGey alloys by 21-26 meV, indicating
w31 all the change in bandgap of Sij_(Gey as carbon was
s4ded is accommodated in the valence band.

Introduction

The strain in pseudomorphic Sij.,Ge, layers on Si substrates
and resulting critical thickness imposes a severe limit on the
engineering of Si-based heterostructures. It has been shown
that the addition carbon to form Sij_.yGeyxCy alloys reduces
the strain, with each carbon atom compensating the strain of
§.10 Ge atoms [1-2]. In addition to reducing the strain, C
cases a slow increase in bandgap of Sij. Gey.
Photoluminescence (PL) measurements on Sij.y.,GeyCy as
well as transport studies of heterojunction bipolar transistor
iHBT) with Si |_x_yﬁext}, as the base showed that the
sbdition of 1% C increases the bandgap of Sij.,Gey by 21-26
meV[3-5]. Given the bandgap increase, it implies a change of
valence and/or conduction band offset of the Sij.,Gey / (100)
Si heterostructures when carbon is added into the Sij_yGey
lavers. In this paper, we report the measurement of the valence
bund offset of Sil_x_fﬁexC)ISi as a function of C
cuncentration by  capacitance-voltage and  admittance
spectroscopy techniques. While C causes a slow increase in
bandgap of Siy_,Ge,, we have found that reducing the strain
in Si|.,Ge, by adding C increases the bandgap less than does
reducing the strain by merely removing Ge. Figure.| is the plot
of bandgap wversus biaxial compressive strain for both
pseudomorphic Sij_4Ge, on Si (100) and experimental Sij_y.
yOexCy data points. As C is added to Siy_ Gey and Ge
content is held fixed, the strain decreases and bandgap
increases, but the bandgap increase is much less than it would
be if the strain was reduced simply by removing Ge without
adding C. That is, for a given bandgap, Sil_x_yﬁexcy has less
misfit strain and therefore allows a greater critical thickness
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than does C-free Sij_4Gey. This point is further illustrated in
Fig. 2, where we calculated and plotted the equilibrium critical
thickness for 3i|‘,t,_",(:'re:,"i,'.'Y films. Therefore, by growing Sij.
x-y0¢xCy, significant improvements can be made in the trade-
a{F between bandgap and critical thickness.

Experiments

All the samples were grown by Rapid Thermal Chemical
Vapor Deposition (RTCVD). The chamber pressure was kept
at 6 torr. Dichlorosilane (SisH;Clp), germane (GeHy) and
methylsilane (SiCHg) were used as the precursors of Si, Ge,
and C, respectively. Details of our growth system are available
elsewhere[6]. The flow rates were 26 sccm for dichlorosilane,
1-4.5 sccm for germane, and 0-0.35 scem for methylsilane,
resulting in [Ge] = 20%-39.5%, and [C] = 0% -2.5%. All 5i.
x-yGexCy layers were in-situ doped with diborane. P* Sijy.
yOexCy '/ p7 Si heterostuctures and p° type SUSijy.
yGexCy/Si structure were grown for capacitance-voltage and
adminance spectroscopy measurements, respectively. The
devices were formed by a single-mesa, two mask process. First
the mesas were created by plasma etching in SFg and then the
Ti/Al metallization was patterned by lift-off. The mesa area is
320 x 180 um? and the top contact area is 160 x 130 umZ,

Results and Discussions

Fig. 3 shows the (400) x-ray diffraction (XRD) performed on
strained Sij_y.,Ge,Cy layers with 39.5% Ge and various C
concentrations. The concentration of Ge was obtained by
measuring the XRD peak relative to that of the 5i substrate.
This value is consistent with the Ge concentration obtained by
PL . As C is added, the peak starts shifting toward the Si peak,
indicating decreased lattice constant, i.e., reduced strain.
Broad peaks of Sij.y.,GexC, are indication of Scherer
broadening in the thin films which becomes more prominent as
more C is added. Assuming that the Ge content was unchanged
by the addition of methylsilane at a constant germane flow, the
C content was quantified by measuring the relative shift of the
XRD peak of Sij_x.yGeyCy layers with respect to that of Siy.
«Gey and use the Ge:C strain compensation ratio of 8.3(2].
Results of XRD show good single crystal quality wit
substitutional levels of up to 2.5% C. High resolution
transmission electron microscopy (HRTEM) images of the
sample with 1.2% C show good interface quality and no
evidence of dislocations or SiC precipitates. Fig. 4 shows the
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band structure of a p* Sij.x-yGeyCy / p” Si heterojunction.
From the band diagram , AEv can be expressed as

AEy = EF(siGeC) * aVbi * EF(si)

where Ep(siGec) is the position fermi level relative to the
valence band of Sij.., GeyCy, qVy; is the buili-in voltage of
the junction, Ef Si) is the position of the valence band of Si
relative to the Fermi level. E, is defined as the activation
ENErgy.

In theory, AE, may be measured by thermal
activation of the leakage current[7]. However, the leakage
current for the entire device can be easily dominated by non-
ideal sources at a few local defects. Therefore, we used
capacitance-voltage technique to measure the band offset [8]
which was found to have more reliable sample to sample
repeatability and far less scatter among devices on the same
wafer than the leakage current measurement. The capacitance
of the device was measured as a function of reverse bias at 100
K. The AC frequency used in this measurement ranged from
10 KHz to 4 MHz, and the amplitude was set at 30-50 mV.
Much like a Schortky barrier or one sided pn junction, the
capacitance per unit area C is given by

1 _2(Ve-V)
c?  qeVa

here ¥ is the DC bias and N4 is the doping concentration on
the Si side of the heterojunction. By plotting 1/C2 vs.
applied DC voltage, Vp; and N 4 can be obtained. Fig. 5 shows
the capacitance-voltage characteristics of the samples
containing 39.5% Ge and various C content. It is observed that
the C-V data points are linear over the range of applied
voltages. Values of N4 were obtained from the slopes of the
firted lines and found to be in the range of 10!7/cm3, These
values are in good agreement with those measured by
spreading resistance tests. Based on N4 , we calculated Ep Si)
at 100K. By extrapolating 1/C2 1o zero, we obtained the buili-
in voltages with different C levels. The Built-in voltage
decreases as more C is added. To extract AE,, we also need
the doping concentrations in Si]_x_},ﬁexcy layers to calculate
EF(SiGeC)[9): Note that the boron incorporation in  Sij_y.
YGeny layers does not depend on the C level, as shown by
the measurement of secondary ion mass spectroscopy (SIMS).
Figure 6 presents the valence band offsets of Sij_,_ Ge, C,/Si
plotted as a function of C content with different "Ge
concentrations and dopings. The figure shows a consistent
decrease in the valence band offset of Sij_,. Ge,Cy/Si as C
is added. The slopes are nearly parallel; scater in the data is
minimal, and growth temperature has no significant effect on
the AE,,. From the slopes of the fitted lines, we found that the
valence band offset of Sij_y.,Ge,Cy/Si decreased by 25-30
meV/ %C. We also found that'the absolute AE,, measured by
the capacitance-voltage technique varied slightly with different
AC frequencies ( within 15 meV from 10 KHz to | MHz).
However, the C effect on the change of AE, was negligibly
influenced by the measurement frequency ( < 4 meV/%C).

Comparison o the total bandgap change of 2]-26 meVA
indicates that nearly all of the change in bandgap as C js added

to strained 5i|,x,}.(]:xc}, is accommodated in the valencs
band.

The valence band offset was also measured in some cases by
admittance spectroscopy. This technique has previously been
applied on Sij_,Ge,/Si structures[10]. Our structures wers
similar, except that AUTi Schottky diodes were used instead of
pn junctions to provide the surface depletion. F igure 7 is the
band diagram of the structure, together with the equivalen
circuit. The capacitance Cyq corresponds to the depletion
region of the metal/Si Schottky junction. Gy and C, are the
conductance and capacitance of the two SifSiy.y. Ge,C./5i
Junctions which are outside of the Schottky barrier deplelion
region. Figure 8 and Figure 9 are the capacitance ang
conductance of SUSij_,Ge,/Si and SUSi|x.yGe C JSi
heterostructures as functions of temperature for various
frequencies. Assuming C, and Cq4 are independent of
temperature, the capacitance of the sample is equal 1o the
capacitance of Cq in series with C,, at low temperatures, The
total capacitance increases to Cq at high temperatures. The
transition occurs when the AC excitation frequency resonares
with the thermal emission rate of holes from the Si)x.yGe,
quantum well to the Si valence band, which also Bives rise 1o
maximum conductance. Since the emission rate is proportional
to exp(-E5/kT), we expect the peak of conductance to occur at
higher temperatures for larger excitation frequencies. Given
the same excitation frequency, the conductance peak will occur
at a lower temperature for a smaller valence band offset. This
is indeed the case by comparing Fig. 8 and Fig. 9. By studying
the temperature dependence of capacitance and conductance at
different frequencies, the activation energy can be obtained, as
shown in Fig. 10. Measurements showed a 39 meV reduction
in valence band offset for 1.6% C, corresponding to 25
meV/%C, in good agreement with results obtained by
capacitance-voltage technique.

Eberl et al [11] reported AE,, measurements of Si|y.
yGexCy/ (100) Si from PL of Sij_y.yGeyCy/Si and Siy.,.
yGexCy/Si|.yCy quantum wells. Their results"were consistent
with ours for y<0.008. But for y>0.01, they inferred a opposite
sign of AE,, . Since their Si_, ']:.:,G:x samples contained low
Ge concentrations, it may be that higher C content makes the
Si).x.yGexCy layers approach tensile strain, which would
radically alter the band alignment.

Conclusion

We have shown that, by the capacitance-voltage technique, the
valence band offset of Sit,x.yﬁcx (100)Si decreases by
25-30 meV/%C for films which “are still substantially
compressively strained. The resulting band structure with large
AE, and negligible AE, is similar to that of pseudomorphic
5iGe on (100) Si. Admittance spectroscopy measurement gives
good agreement. We have also demonstrated that, by RTCVD,
as much as 2.5% substitutional C can be incorporated into the
single crystal Si|_,Ge, layers.

10.4.2

158-1EDM 96




Acknowledgments

1w :

This work has been supported by USAF Rome lab, AFOSR \ H‘\ H'
3ASERT, and ONR. The authors also like to acknowledge the e \ \I
wsistance of C.J. Lay for X-ray characterization and N. Yao - \\ 2% \
sar TEM analysis. Lt O \

B A

References: é
| K. Eberl, S.S. Iyer, S. Zollner, J.C. Tsang, and F.K. LeGous, 8 51
I;F'J Ffr}:r Lerr 60, 3033 (IQQZ} Fi :
* JL. Regolini, F. Gisbert, G. Dolino, and P. Boucaud, Mat. F
Lerr 1857 (1993) [
3 P Boucaud, C. Francis, F. Julien, J. Lourtioz, D. Bouchier, gt
]

§ Bodnar, B. Lambert, and J. Regolini,Appl. Phys. Lett 64, 10, g, (v 20 )

§7519%4) ; ; it i

+ A S Aioor OV, Liu 3.0; Strm, ¥ Lasobe:iad Fig.2 Comparison of critical thickness/bandgap trade-off for

\ LW, Thewalt, Appl. Phys. Lett 67, 3915 (1995) Sij.xGey and Sij_,.,Ge xCy on Si (100) substrate. the critical
i e : * thickness is from th: Marthews-Blakeslee equilibrium model,

i_"'%ﬂmf::’:':l‘lﬁ 15;;2;" our, C.W. Liu, and J.C. Sturm, assuming that the elastic properties of Sij.x. },Gexc are the
=l A ¥
» JC. Sturm, H. Manoharan, L.C. Lenchyshyn, M.L.W. samt.as Lioze OF S . xCey:

Ihewalt, N.L. Rowell, J.P. Noel, and D.C. Houghton, Phys. ms 2 6 a0 a4 @y @I @6 WO M4 M8
v Lew, 1362 (1991) [ SR : L R

* CL.Chang, A. St. Amour, L. Lanzerotti, And J.C. Sturm, Siy..,G9,C, with x=0.395 u’\

vt Res. Soc. Sym. Proc. 402, 437 (1995) 3

s S Fomestand O. Kim, J. Appl. Phys, 52, 5838(1981) E d
9 T Manku and A. Nathan, J. Appl. Phys, 69, 8414 (1991) ~ /
l4 K. Wauka, T.I. Kamins, J.E. Tumer, C.A. King, J.L.Hoyt,

w4 L F. Gibbons, Appl. Phys. Lett., 60, 195 (1992)

11 K. Eberl, K. Brunner, and W. Winter, European Mat. Res.
3w Spr Mig, Strasbourg, France (1996)

X-ray Intensity (3.u)

e -E'-'IZ HII BA0 Ea4 ﬂl* 'HTZ ﬁl‘mﬂ"ﬂd mma

24 (Degres)
Fig. 3 (004) x-ray diffraction spectra for Si 1-x-y GexC thin
films on Si (001). Two Si substrate peaks are duc 1o Eu Kal

and K7 x-ray lines

0.00 } Emgy /

Evm

DO5pF

Fig I Bandgap as function of strain for pseudomorphic films s 10t v,
on S (001) — L slence Band

Em.

020 -

_F"mﬂ__ P sl

e A 'l
0.00 005 D'Iﬂ 0.15 020 025
Dapth from the ||.|‘l|:|{p.rn}

Fig. 4 Valence band diagram of the p* Si _!_yGe!C}J p~Si

IEDM 96-259




ra M ! T ] - &0 T T . T ¥ T —
39.5% [Ga| 55} SUSI,  GeJSI x=0.33 o
L) S g
-3 4s| Cenchance e
= ol
5 B
2’ il *
=1 Q
- =251
= B2}
CRE 15l
10F
sk
IR PR T T A ° 001z Qi 0 200
1 , 0.4 B0 1
L i ""PF_'“"" Voltage () 00 120 140 Ttr:g:'ﬂ 180 200 Fri]
Fig. 5 1/C~ is plotted against voltage. The intercept on the Fig. 8 Capacitance and conductance of the SUSi| ,Ge,/Si
voltage axis is the built-in voltage. The measurement heterostructures as a function of temperature for various
frequency is 100 KHz frequencies measured under zero bias condition , with 33% Ge
concentration,
= T T ¥
EipolB o) ] o
_ e o) ur
@ 1 50k
3031 mml M i
g 280 \a\m i s
e a ] 40
5240 - a5
;,!5 O 625°C Gepatth, B 6210%fcn?, 100 104 | Qxr
= O 6750 G0 8%, B = dx10 ™ iem, 100 I J é L
i L B2SRC CealeI0%, (B = 1n10 Mo, e Mbg
-E F v Al Nk
1601 T 8
e B mevmRC 10+
g H--“H""--_ 5l
:TE 125 u'ﬁ GTE T T T““‘I“ T 0 L i L i i i
T A A 1G£c1 “1.5 20 25 &0 100 120 140 Tlmifjﬂ{] 180 X0 i)

Fig. 6 Sij.x.yGexCy valence band offset to Si as a function of  Fig, 9 Capacitance and conductance of the SUSi}x.yGeyC

: : Y
C content. /Si heterostructures as a function of temperature for various

) ) ) ) frequencies measured under zero bias condition. C content is
AlTI SiCap  SiGeC Si Buffer Layer 1.6% and Ge concentration is 33%.

E

T -

G,
-~ I_ 55 B0 65 70 15 80 85 90 95
| 1000 Temp (1K)
G

Fig. 10 Arrhenius plot of the inverse temperature of the

Fig. 7 Valence Band Diagram of P-type SUSil_x_},chCY"Si conduction peaks versus measurement frequency.
admittance structure

BB Oy G
125 ma'y

—_—

B, Oy,
183 e

10.4.4

260-1EDM 9




