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Capacitance—voltage measurements have been used to study the effect of carbon on the valence
band offset of compressively strained; Si_,Ge,C,/(100) Si heterojunctions grown by rapid
thermal chemical vapor deposition with substitutional C levels from 0% to 2.5%. The valence band
offset between $i,_,GgC, and unstrained100 Si decreases at a rate of 20—26 meV per % C.

Our work indicates that the change in the bandgap of Si,Geg,C, as carbon is added is entirely
accommmodated in the valence band. 1897 American Institute of Physics.
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The strain in pseudomorphic;Si,Ge, layers on(100 Si  Si;_,_,GgC, layers were then deposited with a growth
substrates and resulting critical thickness imposes a sevetemperature between 575 and 625 °C. A 1-nm-thick undoped
limit on the engineering of Si-based heterostructures. It haS$i, , ,GgC, layer was first deposited as a precaution of
been shown that the addition of carbon to form pseudomorpreventing heavily doped boron from diffusingpd Si lay-
phic Si_,_,GgC, alloys reduces the strain, with each C ers followed byp* Si;_x—,GgC, (~20 nm with dopings
atom compensating the strain of 8—10 Ge atdfmBhotolu-  ranging from 6x< 10'8 to 4x 10'%cm®. The diodes were cre-
minescencéPL) measurements on Si,_,GgC, as well as  ated by the plasma etching of mesas (32@0 um?) fol-
transport studies of heterojunction bipolar transis{etBTs) lowed by Ti/Al metallization.
with Si; _,_,Ge,C, as the base showed that the addition of  Figure 1 shows th€400 x-ray diffraction (XRD) per-

1% C increases the band gap of SiGe, by 21-26 me\V2™>  formed on the strained Si,_,Ge.C, layers with 39.5% Ge
However, reducing the strain in ;Si,Ge, by adding C in- and various C concentrations. The concentration of Ge was
creases the band gap less than does reducing the strain bigtained by measuring the no-carbon XRD peak relative to
merely removing Ge. These results imply that, for a giventhat of Si substrate. This value is consistent with the Ge
band gap, Si - yGgC, has less misfit strain and therefore concentration obtained by PL measurements. As C is added,
allows a greater critical thickness than does_$Ge,. To  the peak starts shifting toward the Si peak, indicating de-
date, however, the relative effect of the C on the valencereased lattice constant, i.e., reduced strain. Broad peaks of
band and/or conduction band has not been extensively stugi, _,_,Ge,C, are an indication of Scherer broadening in the
ied. In this letter, we report the complete measurement of thehin films which becomes more prominent as more C is
valence band offset of Si,_,GeC,/(100 Si as a function added, qualitatively consistent with an assumed reduction in
of C concentration by capacitance—voltage technique and adirowth rate as C is added. High resolution transmission
mittance spectroscopy. We also report a substitutional @lectron microscopy (HRTEM) performed on the
level of 2.5% in single Si_,Ge, films grown by rapid ther-  Si, 54456, 304Co 012 SamMple shows good interface quality and
mal chemical vapor depositigfRTCVD). no evidence of dislocations or SiC precipitates. The mea-

The capacitance-voltage measurements were performegired thickness of the Sigd5e) 30:Co 012 layer is 21 nm. As-
on p* Si_,_,GeCy/p~ Si unipolar diodes grown by
RTCVD at a chamber pressure of 6 Torr. Dichlorosilane
(Sib,H,Cl,), germane(GeH,), and methylsilane(SiCHg) | [Ge]=0.395 Kal
were used as the precursors of Si, Ge, and C, respectively.
The flow rates were 26 sccm for dichlorosilane, 1-4.5 sccm

for germane, and 0-0.35 sccm for methylsilane, ina H Si substrate
carrier, resulting if Ge]=20%-39.5%, anfiC]=0%—2.5%. z’ ~

All Si;_,_,GgC, layers werein situ doped with diborane. o1k

In each sample, @ Si layer with doping in the range of a2 : )

3x 10" to 6x10%cm® was first grown at 1000 °C on a g ovwic) V7%

p~ Si substrate for use as a bottom contact, followed by the %

[\ 0s%ic /. P ol
deposition ofp™ Si layers with thickness around 250 \ }._‘ z'f’MC] y -
nm. Thep™ Si layer was not intentionally doped by a dibo-
rane flow, but was doped by the boron outdiffusion from :
bottom contact layer during high temperature growth S S S S SO S
as well as background doping caused by residual boron 666 672 678 684 690 696 702 708

inside the chamber after the growth bottom contact layers. 26 ( degree)
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FIG. 1. (004 x-ray diffraction spectra for $i,_,GgC, thin films on
dPresent address: Intel Corp., Hillsboro, OR 97124. Electronic mail:Si(001). Two Si substrate peaks are due to &y andK,, x-ray lines.
clchang@ee.princeton.edu Broad S{_,_,GgC, peaks are due to Scherer broadening in thin films.
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hed FIG. 3. 1/C is plotted against voltage fap* Si;_,_,GeC,/p~ Si with
? -0.10 - AE, 7 x=0.395 and different C concentrations.
8 015} :
020+ t ] devices on the same wafer than leakage current
[ measurementsThe capacitances were measured as a func-
-0.25 [p* siGeC, , P Si ] tion of reverse bias at 100 K with an ac frequency from 10
0.00 0.05 0.10 0.15 020 025 kHz to 4 MHz, and an ac amplitude at 25-50 mV. Much like

Depth from the surface ( um) a Schottky barrier or a one-sidgsn junction, the capaci-

_ , _ __ tance per unit area C is given by
FIG. 2. (a) Zero-bias valence band diagram pf Si,_,_,GeC,/p~ Si

diode. (b) Reverse-biased {0.1 V) valence band diagram op™* 1 2(Vpi—V)
Si;_x-,GegC,/p~ Si diode. =

? qf NA ’

. h h h . v’\:herev is the dc bias andll, is the doping concentration on
suming that the Ge content was unchanged by the addition qfe g sige of the heterojunction. By plotting@? versus

methylsilane at constant germane flow, the substitutional %pplied dc voltage, the doping level on the Si side as well
content was quantified by measuring the relative shift of the,q 'y jiitin potential of the junction can be obtained. Figure 3
XRD peak of Sj_-,G&C, layers with respect to that of ghqys the capacitance—voltage characteristics of the samples
Si—Gg, assuming a Ge:C strain compensation ratio Ofeonaining 39.5% Ge and various C contents. ThEZEV
8.3% A substitutional C level of up to 2.5% was measured.qata points are linear over the range of applied voltages, and
To the best knowledge of the authors, this is the highesfhe extracted Si doping concentrations are in the range of
single crystal value reported to date by chemical vapor depori7/ci®, The variation of the doping level among samples
sition (CVD). was due to the variation in the doping level of bottom contact
Under reverse bias\sigec>Vsi), the valence band off-  |ayers and background doping. Spreading resistance mea-
set (AEy) between Si_,_,GgC, and Si blocks hole current  gyrement was performed on one of the samples and the mea-
from p* Si;_,_,GeCy, so that the device rectifies at low syred doping concentration is consistent with that obtained
temperature. Shown in Fig. 2 are the zero biased and reversg 1/C2—V data. It is also noted that the slope and intercept
biased valence band diagrant: sicec) is the position of  were not affected by ac amplitude used in this st(@fy—50
Fermi level relative to the valence band of Si_,GgCy,  mV), and the data shown in Fig. 3 were measured with ac
V)i is the built-in voltage of the junctiorEeg;) is the posi-  amplitude equal to 30 mV. Based on the doping level, we
tion of the valence band of Si relative to the Fermi level. |ncalculatedEF(5i) at 100 K in each sample. The extrapolated
theory, AE, may be measured by temperature dependence fuilt-in voltages decrease as more C is add&gsicec) Was
the leakage current which is ideally from thermionic emis-obtained by a straightforward calculation from the doping
sion of holes from Si ,_,GegC, into Si. However, the leak- concentrations in the Si,_,GgC,, which were measured
age current for the entire device can be easily dominated bgy secondary ion mass spectrosco(BiMS) on similarly
nonideal sources at a few local defects, edge effects, deplgrown layers, and by assuming an effective mass indepen-
tion region generation, etc. Therefore, to measure the bandent of C level. SIMS measurements show that the boron
offset, we used a capacitance—voltage technique, which iscorporation in Si_,_,GgC, does not depend on the C
less affected by local defects and leakage currents. We fouridvel for a given diborane flow.
that capacitance—voltage measurements were more repeat- AE, was calculated by combiningVy,;, Egsigeo), and
able from sample to sample and had far less scatter amorig;, as illustrated in Fig. @). There is a consistent de-
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— strain-free condition in their $i,_,GgC, films alters the

2613 meV/%C ] band alignment.
320 - The valence band offset was also measured in a few
] cases by complex admittance spectroscopy measurements
2043 meV/%C 37+2 meV/%( from 100 kHz to 4 MHz as a function of temperature. From
2807 the temperature dependence of the conductance, the band
offset may be obtained. This technique has previously been
S L4l i applied on Si_,Ge/Si structures® Our structures were
g O 625°C, [Ge]=38%, [B]= 6x10'%/cm’ | similar, except that Al/Ti Schottky diodes were used instead
- O 575°C, [Ge]=39%, [B] = 4x10"%/cm® of p-n junction to provide the surface depletion. Measure-
u<.|1> 2001 A 625°C, [Ge]=20%, [B] = 1x10"/cm® ments shqwed a 39 meV reduction in valence banld offset for
J ) 1.6% C in the case of 33% Ge, corresponding to 25
meV/%CH in good agreement with results obtained by
1607 " l capacitance—voltage technique. We point out, however, that,
2541meV/%C this method fundamentally assumes that the zero-bias small
120-++———————— signal conductance of §i,Ge/Si (or Si_,_,GgC,/Si)
0.0 0.5 1.0 15 20 25 heterojunction scales ideally as expE,/kT). The small
[C]1% signal conductance, like leakage current, can also be domi-

nated by local defects and layer quality. Therefore, we feel
FIG. 4. Si_,_,GgC, valence band offset to Si as a function of substitu- the capacitance—voltage technique is inherently more reli-
tional C content for different dopings, Ge concentration, and growth tem-,
perature. The lines are the best linear fits over the range of 0-1.3% C, an%bIe for band offset measurements.
1.3%—2.5% C. In summary, we have shown that the valence band offset

of Si;_,_,GgC /unstrained(100) Si decreases by 20-26

crease in the valence band offset of Si_,Ge,C,/Si as C is meV.for the first pe.rcent of C for films which are still sub-
added, as shown in Fig. 4. Growth temperature, dopings, an%tantlally compressively stram'ed, with slightly stropger re-
Ge level have no significant effect on the effect of C onSult up to 2.5% C. The resulting band structure with large
AE, . The observed dependence for the three samples plotté¥E, and negligibleAE, is similar to that of pseudomorphic
are 25-1 meV/%C, 20-1 meV/%C, and 26 3 meV/%C  Si-xG& on (100 Si. Admittance spectroscopy measure-
for lines fitted to data points up to 1.3%. For the one seriegnent gives good agreement. We have also demonstrated that,
with 2.5%C, the slope is somewhat larger from 1.3% to 2.594y RTCVD, as much as 2.5% substitutional C can be incor-
C (372 meV/%Q. It is not known if this change in slope is porated into the single crystal ;Si,Ge, layers.
significant (e.g. bowing in curve of bandgap versus lattice  This work has been supported by USAF Rome lab
constant or not. We also found that th@bsoluteAE, mea-  (F19628-96-K-0008 ONR (No. 0014-96-1-033% USAF
sured by the capacitance—voltage technique varied slighttkASERT, and Sandia National Laboratory. The authors also
with different ac frequenciegvithin 15 meV from 10 kHz to  |ike to acknowledge the assistance of C. J. Lay for x-ray
1 MHz). However, thechangeof AE, with C at a given  characterization and N. Yao for TEM analysis.
frequency was negligibly influenced by the measurement fre-
guency &4 meV/%Q. Comparison to the total band gap
change of 21-26 meVimeasured up to 1%Gndicates that
all of the change in band gap as C is added to strained
Sil*X*yG%(Cy is accommodated in the valence band within K. Eberl, S. S. Iyer, S. Zollner, J. C. Tsang, and F. K. LeGous, Appl. Phys.
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