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Direct optical measurement of the valence band offset of
p* Si;_x-,Ge,C,/p~ Si(100) by heterojunction internal photoemission
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Optical absorption measurements have been performed to study the effect of substitutional carbon
on the valence band offset of compressively strained p* Sij_,_,Ge,C,/(100) p~ Si. The
compressively strained p* Si;.,.,Ge,C,/(100) p~ Si heterojunction internal photoemission
structures were grown by rapid thermal chemical vapor deposition with substitutional carbon levels
up to 2.5%. Carbon decreased the valence band offset by 26% 1 meV/% substitutional carbon. Based
on previous reports of the effect of carbon on the band gap of Si;_,,Ge,C,, our work suggests
that the effect of carbon incorporation on the band alignment of compressively strained
Si; -, ,Ge,C, /Si is to reduce the valence band offset, with a negligible effect on the conduction
band alignment. © 1998 American Institute of Physics. [S0003-6951(98)04150-3]

Strained Si; -, Ge, /Si heterostructures have been exten-
sively studied and have led to many device applications, The
advantage of using strained Si; _,Ge, /5i heterostructures re-
sults from the flexibility in band gap engineering by control-
ling the amount of incorporated Ge into Si matrix. However,
due to the 4% larger lattice constant of Ge than that of 5i, the
strain involved in 5i,_,Ge, prevents one from growing a
thick Si;_,Ge, layer on a 5i substrate without introducing
misfit dislocations. Recently Si,_,_,Ge,C, has attracted
strong interest due to the ability of substitutional carbon to
compensate the strain caused by Ge atoms, with 1% substi-
tutional carbon compensating the strain caused by 8%-10%
Ge.'"® Up to 2.5% substitutional carbon in Si and Si;_,Ge,
have been reported, even though the equilibrium solubility of
carbon in Si is only 0.01%.7%

Photoluminescence (PL) studies and electrical measure-
ments on  pseudomorphic  compressively  strained
Si; - -yGe,C, on Si (100) show that 1% C increases the
band gap of Si, -, ,Ge,C, alloys by 21-26 meV.”""* Given
only a slight increase of band gap by C incorporation, a
strained Si; _,_,Ge,C, layer would have a smaller band gap
than that of an equally strained Si,_,Ge, layer.” Alterna-
tively, for the same band gap reduction from 5i, pseudomor-
phic Si, -, ,Ge,C, would have less strain and a higher criti-
cal thickness than Si,_ ,Ge, .

Although it is generally agreed that 1% carbon increases
band gap by 21-26 meV, it is still under debate regarding
how this band gap increase is allocated in the conduction and
valence band alignments of Si,_,_,Ge,C, to the Si sub-
strate. Generally, the valence band offset of
Siy-;-,Ge,C,/5i has been studied. A temperature-
dependent leakage current study on p* Si; -, ,Ge,C,/p~ Si
unipolar diodes indicated that carbon decreased the valence
band offset (AE,) of the resulting Sij_,_,Ge,C,/5i
heterostructure.'? However, no accurate quantitative number
was extracted due to scatter in data among devices caused by
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strong dependence of leakage current on local defects.
Capacitance—voltage (C-V) measurement, on the other
hand, has demonstrated a clear downward trend of AE, of
Sij—,-,Ge,C,/Si by carbon incorporation with minimal
scatter of data among devices, and is insensitive to nonideal
leakage current. These measurements indicated that the in-
crease in band gap by carbon is fully accommodated in the
valence band, with AE, to 5i decreasing by 20-26 meV/%
substitutional carbon for small carbon concentrations.”"
Similar results were also obtained from C-V analysis of
Sij_,-,Ge,C, based metal-oxide-semiconductor {MOS)
structures.”” Moreover, x-ray photoelectron spectroscopy
(XPS) measurement on Si;-,.,Ge,C,/Si indicated no sig-
nificant change in AE, with C incorporation (accuracy limit
+30 meV).'"® Conflicting results have also been reported.
The XPS study on the Si, _,_,Ge,C, /Si with high Ge con-
tent determined that carbon increased the AE, by ~50
meV/%C.!” Admittance spectroscopy on Si; - ,Ge,C,/Si
multiquantum wells suggested a large effect by carbon (~80
meV/%C) on both the conduction and valence band offset of
RS W | Ry

Given conflicting reports, it is therefore necessary to
have a direct optical measurement on the band offset in
Siy - ;- ,Ge,C, /5i(100) heterostructures. In this letter, we re-
port such a measurement by heterojunction internal photo-
emission (HIP) on the wvalence band offset of
p* Sij-,-,Ge,C,/p~ Si structures to determine AE, of
Siy_,-,Ge,C,/Si. The samples in this study contain 39%
Ge and up to 2.5% substitutional carbon and were grown by
rapid thermal chemical vapor deposition (RTCVD) as in Ref.
7. They contain a p* Si buffer for substrate contact, followed
by 0.2 gm p~ Si, 2 nm undoped Si, _,_,Ge,C, spacer and
18 nm p* Si;-,—,Ge,C, (~10"/cm’). Finally, a 20 nm
heavily doped (~10*7cm?) Si layer was grown for a top
contact. It is noted that the doping concentration in
p* Sij—-,-,Ge,C, is not expected to induce band gap nar-
rowing since we reported in capacitance—vollage measure-
ment that no effect on AE, is observed with varying doping
concentrations.” Ge content was determined by x-ray diffrac-
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FIG. 1. Zero-bias valence band diagram of p* 8i, -, ,Ge,C, /p ™ 5i.

tion and the number is consistent with results by secondary
ion mass spectroscopy (SIMS) and photoluminescence stud-
ies. Substitutional C fractions were measured by x-ray dif-
fraction, assuming 8.3 Ge/C strain compensation ratio. For
the rest of this letter, all carbon levels refer to the substitu-
tional levels measured by this method.

Devices were fabricated by a simple mesa etching in
CF, /0, plasma and Al metallization by lift-off. Good recti-
fying characteristics were observed at low temperatures
(~77 K), indicating a significant valence band offset be-
tween p* Sij_,-,Ge,C,/p~ Si. Samples were further
cooled down to —4 K to minimize thermionic leakage cur-
rent for infrared photocurrent measurements and a good
ohmic contact was still observed. Optical absorption mea-
surements were performed at 4 K using a calibrated glowbar
infrared (IR) source, a spectrometer, and a phase sensitive
detection.

Figure 1 shows the band diagram of the
pt Sij_,-,Ge,C,/p~ Si HIP structure. Under a reverse
bias, hole current is mostly blocked by the valence band
offset and the ideal leakage current comes from thermioni-
cally emitted holes from p™* Si;_,_,Ge,C, layer. When an
infrared light is incident on the p* Si;_,,Ge,C, layer,
holes will be excited to higher energy states, and if the pho-
ton energy is large enough for the hole to overcome the
barrier posed by the valence band offset, a photocurrent will
result. From the band diagram, AE, can be expressed as

AE,=Egsigecyt a4 Vot Ersi (1)

where Eg(siger) is the distance between Fermi level and the
valence band of Si,.,-,Ge,C,, gVy is the built-in voltage
of the junction, and Egg;, is the distance of the valence band
of Si and the Fermi level. Since the Si;_,_,Ge,C, is heavily
doped, the threshold energy for the onset of photocurrent is
E,— E pisicecy - To extract AE, , one also needs to know the
doping concentrations in Sij-,-,Ge,C, to calculate
E pisicecy - Doping concentrations were obtained by SIMS
measurement on similarly grown samples and SIMS data
show no dependence of dopant (boron) incorporation on the
carbon level. We assume the onset current will track accu-
rately with AE, .

Figure 2 shows plots of the square root of photoresponse
curves as a function of photon energy (Fowler plot) of
Si; _,-,Ge,C, /81 with different carbon concentrations. The
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FIG. 2. Photoresponse curves of p* 5ij_,_,Ge,C,/p~ 5i as well as
p* 5i,_,Ge, /p~ Si. Samples were measured at 4 K.

onset of photocurrent decreases as carbon level increases,
indicating a decreasing AE, with carbon concentrations.
Carbon decreases the AEy of Sij_,.,Ge,C,/Si by 26
+1 meV/%C, as shown in Fig. 3. This is consistent with
previously reported values measured by C-V in HIP and
MOS" structures, and similar to the increase in band gap
with carbon. We conclude that the increase in band gap is
reflected in the valence band of Si;_,_,Ge,C,, with very
little or no change in the conduction band. Thus small AE.
in Siy—,—,Ge,C,/Si is expected as in 5i,_,Ge, /Si.

Figure 4 shows the valence band offset of Si;_,Ge,/Si"*
and Si; -, ,Ge,C, /Si as a function of lattice mismatch and
equivalent Ge levels for Si;_,Ge, of the given strain. Add-
ing carbon lowers AE, of Sij_,_,Ge,C, /Si; carbon reduces
the lattice mismatch at a faster rate than reducing AE, , com-
pared to that achieved by reducing Ge alone in Si;_,Ge,.
For example, the valence band offset of Sig 535Geg 39Cq 025 /5
is ~100 meV larger than that of an equally strained
Sigs:Geg.13/Si heterostructure. Figure 4 also predicts that, by
extrapolating the dashed line to the vertical axis, a strain-free
valence band offset. Since the Ge content determined by x
ray, SIMS, and PL agrees within 5%, the effect of uncer-
tainty in Ge concentration on this extrapolation is not signifi-
cant. Even though the effect of uncertainty in determining C
level could be as high as 30%, depending on the Ge/C strain
compensation ratio used, the strain effect due to C incorpo-
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FIG. 3. Change of AE, of §i;_,-,Ge,C,/Si as a function of C concentra-
tions.
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FIG. 4. Summary of valence band offsets obtained from optical absorplion
measurement as a function of lattice mismatch with Si and equivalent Ge
conceniration. The solid line represents the valence band offsets of
Siy -, Ce, /51,

ration on AE, is not affected. Note that Fig. 4 was plotted
based on lattice mismatch with Si.

Recently reported measurements on the AE, of
Siy_,-,Ge,C,/Si by admittance spectroscopy’® suggested
that C raised the valence band by —80 meV/% carbon and
decreased the conduction band by B0 meV/®C, in direct
conflict with our work. A Si; _.Ge,/Si heterostructure with
24% Ge has AE, about 180 meV. This reported C effect
would imply that, a Si;_,_,Ge,C,/Si heterostructure with
24% Ge and 1% C has AE,~90meV, a magnitude not
enough to allow a complete hole transfer in the modulation-
doped Sij75Geg24Co0 two-dimensional gas. However, this
prediction is inconsistent with the observed complete carrier
transfer from a doped Si supply layer to a modulation doped
Si; - »— yGe,C, two-dimensional hole gas.'” Band offset stud-
ies by admittance spectroscopy measure the temperature-
dependent conductance of Si; _,_,Ge,C, quantum wells and
assumes that the conductance scales ideally as
exp(—AE, /kT), as for thermionic emission. However, small
signal conductance, like leakage current, can be easily domi-
nated by nonideal defects.'*

In summary, we have studied the valence band offset of
compressively strained pseudomorphic  Si; -, -,Ge,C,/
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Si(100) by heterojunction internal photoemission. Carbon
decreased the valence band offset of Si,_,_,Ge,C,/Si by
26+ 1 meV/%C. Combining this number with a previously
reported similar increase in the band gap caused by carbon,
we conclude that the band structure of Si; _,_,Ge,C, /51 ex-
hibits a large valence band offset and a negligible conduction
band offset, similar to that of Si; _ ,Ge, /5i heterostructures.
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