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Abstract

Si; - z-,Ge,C, thin films grown by low temperature chemical vapor deposition containing up to 1.2% substitutional C were incorporated
into microelectronic devices. The chief aims are to demonstrate that the material is of suitable quality for device applications and to use the
electrical and optical characteristics of the devices to study the material. Three sets of devices containing epitaxial Si; _,-.,Ge,C, layers were
fabricated and characterized. The temperature dependence of the collector current in Si; .- ,Ge,C, base heterojunction bipolar transistors
indicated that the band gap of Si; - ,—,Ge,C, increases +26 meV %C~ !, Capacitance measurements on p*-8i, - ., Ge,C,/p ~-Si heterojunc-
tion internal photoemission structures indicated that the increase in band gap in the Si; - x—y0e,C, is due primarily to downward movement
of the valence band. Finally, Si, ,—,Ge,C, p~i-n diodes showed no degradation in reverse bias leakage compared with C-free devices for
y<0.01. However, the diodes did exhibit excess sub-band gap absorption which increased with [C].
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1. Introduction

The addition of small amounts of carbon (approximately
1%-2%) to Si;_.,Ge, has been shown to reduce the com-
pressive misfit strain in thin films grown pseudomorphically
on Si(001) substrates [1,2]. Previous photoluminescence
measurements showed that the addition of 1% carbon to
Si; - ,Ge, increased the band gap by 21-23 meV [3,4]. The
initial incorporation of substitutional carbon into pseudo-
morphic Si; _,Ge, is expected to have two separate effects
on the band gap:

AEG,toml = AEG,sv.rain -+ AEG,intrinsic: ( 1)

First, by compensating the misfit strain due to the Ge, the C
will tend to increase the band gap of the material A Eg g rain-
Additionally, because the C atoms themselves induce local
fluctuations in the crystal potential, they will have an intrinsic
effect on the band gap of relaxed Si, _,-,Ge,C, AEg ininsic:
By subtracting the first effect (that of the strain reduction)
from the measured A Eg rous A Eg nwinsic Was found to be — 20
meV %C™! [4]. That is, the initial incorporation of substi-
tutional C into relaxed Si, _, ., Ge,C, decreases the band gap,
despite the large band gaps of diamond and SiC. The work
of Brunner et al. [ 5] showed that A Eg ;pinsic fOr Sij - ,C, was
also —20 meV %C ™!, indicating that the intrinsic effect of
C on the band gap is similar in Si; _ Ge, and in Si.

In previous papers, we and others have reported evidence
that, for a given band gap, Si; ., ,Ge,C, has less misfit strain
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and a greater critical thickness than does C-free Si,_,Ge,
[3,4]. That is, reducing the strain in Si; _,Ge, by adding C
increases the band gap less than does reducing the strain by
merely removing Ge. Assuming that one C atom compensates
the misfit strain due to 8.3 Ge atoms and that a few per cent
C does not alter significantly the elastic properties of
Si; _-,Ge,C,, we have computed the expected equilibrium
critical thickness A, [6] for Si; _,-.,Ge,C, alloys. InFig. 1,
we have plotted %y, as a function of band gap offset to Si.
For large A Eg (greater than 250 meV'), A, is increased only
by a factor of approximately 0.4 %C~'. However, for a
smaller, but still useful, A Eg =100 meV, A, is enhanced by
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Fig. 1. Comparison of the critical thickness/band gap trade-off for Si, . .Ge,
and for Si; - ,Ge,C,. The critical thickness is from the Matthews-Blakeslee
equilibrium model [6], assuming that the elastic properties of 8i, .. .- ,Ge.C,
are the same as those of Si, - ,Ge,.
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more than a factor of two when only 1% C is added and is
greater than 1 pwm for y=0.02. Based on this, pseudomorphic
Si —,—,Ge,C, appears promising for extending the applica-
tion of Si-based heterostructures to devices requiring thicker
films.

In this paper, we discuss the fabrication of three sets of
electrical devices containing strained Si; _,_,Ge,C, epitaxial
thin films. The emphasis is on demonstrating that
Si;_,—,Ge,C, can be formed with sufficient quality to be
used in minority carrier devices, and on using the devices to
measure the band structure of the material. Temperature-
dependent collector current measurements on Si; _,_,Ge,C,
base heterojunction bipolar transistors (HBTs) [7] indicated
that the band gap increased 26 meV %C ™', in close agree-
ment with the optical measurements. Capacitance measure-
ments on p*-Si,_,_,Ge,C,/p~-Si heterojunction internal
photo-emission (HIP) structures indicated that most of the
increase in band gap is due to downward movement of the
valence band. Si;_,_,Ge,C, p—i—n diodes demonstrated no
degradation in reverse bias /-V behavior for y<1% C, but
did show evidence of increased defect-related sub-band gap
absorption compared with a C-free device.

All of the structures used in this work were grown by rapid
thermal chemical vapor deposition. The Si; _,_,Ge,C, layers
were grown at a pressure of 6 Torr and at temperatures
between 550 and 625 °C, using dichlorosilane, germane, and
methylsilane as precursors [8]. The device structures were
all in situ doped with diborane and phosphine. The reported
C concentrations were determined by X-ray diffraction
(XRD). Assuming that the Ge contents were unchanged by
the addition of methylsilane at constant germane flow and
that one C atom compensated the strain due to 8.3 Ge atoms,
the shift in the Si; _,_,Ge,C, (400) XRD peak towards the
Si substrate peak was used to quantify the C content.

2. S8i;_,_,Ge,C, heterojunction bipolar transistors
2.1. Fabrication

Heterojunction bipolar transistors (HBTs) with
Si; _-,Ge,C, bases and Si emitters and collectors were fab-
ricated from an in situ doped epilayer structure. Two sets of
transistors were fabricated: in one set the Si; _._ ,Ge,C, bases
were grown at 550 °C, in the other the bases were grown at
625 °C. For all devices at both temperatures, all precursor gas
flows were kept constant, except for methylsilane which was
varied to adjust the C content of the bases.

For the devices with bases grown at 550 °C, the epi-stack
consisted of a 5 wm n* buffer grown at 1000 °C on 20 Q cm,
100 mm Si(001) substrates. This n™ buffer was followed by
a 6000 A n~ collector doped with P between 106 and 10'7
cm ™3, The approximately 500 A Si; _,_ ,Ge,C, bases were
doped with 7X 10" cm~3 B and had approximately 70 A
undoped Si; _,_,Ge,C, spacer layers on either side. The 600
A, 810" ¢cm~2 P doped emitter was grown at 700 °C and
was followed by an 800 A, 2X 10" cm™3 doped emitter

contact layer. The structures with their bases grown at 625
°C were similar, but with a base doping approximately 10 X
lower and a lightly doped collector of only 2000 A.

Large-area devices were fabricated using a simple double
mesa process. The base was revealed by a selective wet etch
which defined the emitter-base junction area, while the col-
lector-base junction was defined by dry etching a larger mesa
around the emitter-base mesa. This process leaves the device
perimeter unpassivated, leading to large, non-ideal base cur-
rents. It is, however, adequate for measuring the ideal collec-
tor currents needed to measure changes in the band gap of
the base.

2.2. Band gap measurement

It is well known that the difference in band gap between
the base regions of two HBTs may be extracted from the
dependence of their collector currents on temperature [9].
The ratio of the collector current in HBTs with different base
composition is

IC_1=NG2(NC'NV) anl
Icz Ngi(NeNy)2Doz

where Ng; is the base Gummel number, (NN, ) is the product
of the effective conduction and valance band densities of
states, and D,; is the electron diffusion coefficient. If there
are no parasitic barriers in the conduction band, such as those
resulting from conduction band offsets A E, in abrupt junction
devices without undoped spacer layers [ 10], or those result-
ing from base out-diffusion into the emitter and collector
regions [11,12], then the activation energy E, is the change
in band gap between the two base materials A Eg. This no-
barrier assumption is justified in our case since AE.~0 in
the strained Si, _,Ge,/Si system {13] and because the undo-
ped spacers in our devices would prevent any barrier forma-
tion caused by boron diffusion or by any small A E, induced
by carbon. The high early voltages of the devices and identical
collector currents in forward and reverse mode support this
assumption.

Forward active Gummel plots were measured from 180 to
360 K. Fig. 2 shows the ratio I¢ sigec/Ic sige 8t Vag=0.55V

exp(AE,/kT) (2)
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Fig. 2. Normalized collector current (/¢ sigec/ Ic.sice) as a function of inverse
temperature for the 625 °C devices withx=0.2 and 0<y<0.9.
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as a function of inverse temperature. Assuming a similar
temperature dependence of the electron diffusion coefficient
and density of states between the two samples, AEg was
extracted from the slope of the data. As seen in the figure,
carbon incorporation clearly led to an increased band gap.
Fig. 3 shows the change in band gap as a function of C
concentration for devices with x=0.2 (625 °C) and x=0.25
(550 °C). Note that there is no substantial difference in the
change in band gap between the 550 and 625 °C films. The
best straight-line fit gives AEg/Ay=26 meV %C ™",

As mentioned above, the effect of C on the band gap of
pseudomorphically strained Si, —,_,Ge,C, alloys has been
measured previously by photoluminescence (PL), and the
measured changes in band gap were 21-24 meV %C™!
[3,4]. That our transport measurements and the PL measure-
ments yield a similar result is significant. Severe local lattice
distortion is known to occur around the C atoms in
Sij - ,-,Ge,C, films [14], and this relaxation has been asso-
ciated theoretically with reduced band gap [15]. If the band
gap were lower locally near the C atoms, PL might measure
a lower band gap than the HBT transport measurement, in
which carriers must move through the material. That the two
techniques measured similar changes in band gap suggests
that the band gap is spatially uniform.

3. Heterojunction internal photoemission structures
3.1. Device structure and principle

P*-Si, _,_,Ge,C,/p~-Si heterojunction internal photoe-
mission (HIP) structures were fabricated. These consist of a
heavily doped p *-Si, —, - ,Ge,C, layer on more lightly doped
p-type Si. The large valance band offset A Ey, between the Si
and the Si;_,_,Ge,C, causes the current to be thermally
activated in reverse bias (Vggec™> V) so that the device
rectifies at low temperature. The equilibrium valence band
structure of this device is shown in Fig. 4.

3.2. Valence band offset measurement

In theory, AEy in these structures may be measured by
thermal activation of the leakage current. However, the leak-
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Fig. 3. A E; measured by the HBT collector current as a function of C fraction

for the 550 and 625 °C devices.

age current for the entire device can easily be dominated by
non-ideal sources at a few local defects. Therefore, tomeasure
the band offset, we used capacitance techniques, which we
found more reliable than leakage current measurements. The
capacitance of the HIP structures was measured as a function
of reverse bias at 100 K. Much like a Schottky barrier or a
one-sided p—n junction, the capacitance per unit area C [16]
is given by

1 _2(¢-V)
C*  geN, (3)
b=AEy—qE—kT/qg—A (4)

where V is the d.c. bias, N, is the dopant concentration on
the Si side of the heterojunction, E; is the position of the
Fermi level relative to the valence band of the Si, _,_,Ge,C,,
and A is the image force barrier lowering. By extrapolating
1/C? to zero, we extracted ¢ for devices with different Ge
and C contents.

Assuming that only A E, on the right-hand side of Eq. (4)
is afunction of C content, we converted the extracted ¢ values
into AEy and found that 8¢/8y=8(AEy)/8y=—20
meV %C ™. The valence band offset is plotted as a function
of C content in Fig. 5. The absolute magnitudes of A Ey, were
set to the values calculated for pseudomorphic Si; .., Ge,
[13], such that AE,,=0.84x for y=0. Note that the slopes
were nearly identical for both Ge contents and that the scatter
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Fig. 4. Zero-bias valence band diagram of the heterojunction internal
photoemission (HIP) structure.
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Fig. 5. Si; -, —,Ge,C, valence band offset to Si measured by the capacitance
of the HIP structure as a function of C content.
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in the data was minimal. For that reason we regard this meas-
urement as more reliable than our previous measurement of
AE, by thermionic emission [17].

Recall that previously we showed that the band gap of
Si; —,—,Ge,C, increases by 21-26 meV %C~'. Now we see
that most of that (about 75%-95%) is due to movement of
the valence band and a much smaller portion (less than 25%)
is due to movement of the conduction band.

Previously reported measurements of W/Si; _,_,Ge,C,
Schottky diodes [18] indicated that the Schottky barrier to
p-type Si;_,_,Ge,C, Py, increased approximately 240
meV %C~! for y<0.007, and the barrier to n-type
Si; - ,Ge,C, P, was independent of x and y. According to
Schottky barrier theory, A Eg = A Py, + A Pg,,. Clearly, these
results are inconsistent with our optical and electrical meas-
urements of AEg and AEx. It is possible for states at the
metal-semiconductor interface to cause Schottky barrier
results to be substantially different than the offsets measured
in our structures.

4. Si;_._,Ge,C, p-i-n diodes
4.1. Diode fabrication

Siy _,—,Ge,C, p~i—n diodes were falearicated and character-
ized. The diodes consisted of 560 A nominally undoped
Sip gGeg 2C, layers sandwiched between in situ doped n- and
p-type Si (Fig. 6). The Si, _,_,Ge,C, layers were grown at
625 °C, and the methylsilane flow was varied from 0 to 0.2
standard cm® min~!. The diodes were formed by a single-
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n+ Si, 400 A, 700 C

undoped Si, 300 A, 700 C

0.5um undoped SiGeC,
560 A,625C

undoped Si, 300 A, 700 C

p+ buffer and bottom contact, 1um, 950 C

n- Si (001) substrate

Fig. 6. Device structure of SipsGeg,C, p-i-n diodes. The p* layer was
doped with 7X10'® cm™2 B, and the n* layer was doped with 3 X 10'°
cm ™3 P. The unintentionally doped region was found by spreading resistance
to contain approximately 10'7 cm ™2 B.

mesa, two-mask process. First, the mesas were plasma etched
in SF, and then the Ti(300 A)/A1(1200 A) metallization
was patterned by lift-off. The approximately 0.5 pm high
mesas were 180X 320 wm, while the top metal contact was
only about a third as large to allow optical access from the
top surface.

4.2. Diode I-V characteristics

The current—voltage characteristics of several (about 10)
randomly selected diodes from each wafer were measured.
We compared the geometric mean of the I-V curves from
each wafer. These curves are plotted in Fig. 7. There was no
apparent forward-bias current trend with C concentration; the
forward current ideality factor was approximately 1.8 for all
concentrations, indicating that the forward current was due
primarily to recombination in the depletion region. However,
in reverse bias, the leakage current clearly increased and the
breakdown voltage decreased with [C]. The C-free control
sample and the 0.6% C sample displayed very similar I-V
characteristics. The lack of increase in leakage may be an
indication that at low C levels there is not a significant
increase in recombination/generation centers. The diodes
with the highest C content (1.2%) were clearly degraded
compared with the control sample. The leakage at —3 V, for
example, increased from 107% to 1072 Acm™2 and the
breakdown became much softer and decreased from —9 V
to approximately — 5 V.Recall that the C concentrations were
measured by XRD and that this method assumes that all C
atoms are substitutional. The C fraction measured by this
means has been shown to saturate at high methylsilane flow,
whereas the true [C,,,] might not [19]. In that case, our
sample with 1.2% C might contain a large amount of non-
substitutional C, which would contribute electrically active
generation/recombination centers [20].

At the intermediate C concentration (1.0%), the I-V
behavior was bimodal: the diodes could be split into two
groups with very different breakdown characteristics. About
a third of the diodes had an I-V curve similar to those at lower
[C] but with a somewhat higher leakage current and lower
breakdown voltage. The other two-thirds had a significantly
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Fig. 7. Sig 3Gey ,C, p~i-n diode current-voltage characteristics measured at
room temperature.
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lower breakdown voltage (approximately —6 V). If this
lower breakdown voltage is caused by single, uncorrelated
point defects, the yield of good devices Y [21] is given by

InY=—A8 (5)

where A is the device area and & is the defect density. Our
case, with ¥Y=0.33 and A=5.8X107*% cm?, yields a defect
density & of 1.9 X 10 cm™? or an average defect spacing of
460 wm. this large defect spacing is difficult to understand if
it is assumed that the defects are interstitial C or SiC precip-
itates. In both cases, one might expect a greater density of
small defects.

4.3. Photoresponse

The reverse bias photocurrent of the Si, _,_,Ge,C, diodes
was measured at room temperature. The photoresponse was
due to photogeneration of electron—hole pairs by band-to-
band absorption of the incident light. If all of the photoge-
nerated electrons and holes are separated by the electric field
and contribute current and if the absorbing layer is thin
(da< 1), then the photocurrent is given by

P(hv)
hv

Iphoto(hv) =qd0i(hV) (6)
where ¢ is the electronic charge, d is the thickness of the
absorbing layer, « is the absorption coefficient, P is the inci-
dent optical power, and kv is the incident photon energy.

Band-to-band photon absorption in indirect band gap sem-
iconductors such as Si and Si; _,Ge, is primarily by means
of phonon emission and absorption [22]. One expects an
additional no-phonon process (as seen in photoluminesc-
ence) in Si; _,Ge,, but it has not yet been observed experi-
mentally. The absorption coefficient is given by the
Macfarlane-Roberts expression [23], which for photon
energies between Eg —fiw and Eg +fiw is

(hv —Eg—tw)”
1 —exp( —Aw/kT)

o(hv,T)=A (7

where fiw is the phonon energy; and for photon energies
greater than Eg +fiw the expression is

(hy — Eg—fw)? (hv—EG-l-ﬁw)z] (8)
1—exp(—hw/kT) exp(fhw/kT) +1

a(hv,T) =A[

The photoresponse is the photocurrent divided by the pho-
ton flux P/hv and is proportional to the absorption coeffi-
cient. In Fig. 8 we have plotted the spectral photoresponse of
three Si;_,_,Ge,C, devices and an all-Si control device
(same structure but with an all-Si undoped region). At low
energy (hv <1.3 eV), the Si, _,_,Ge,C, devices, owing to
the small band gap material, exhibited a photoresponse larger
than that of the all-Si device. Furthermore, these data exhib-
ited a trend with C fraction agreeing with previous lumines-
cence measurements [3,4]. As C was added to the Si; _,Ge,,
the photoresponse decreased and shifted towards that of the

all-Si device. This trend is consistent with the band gap
increasing, and thus absorption decreasing, with the addition
of C.

Extracting the band gap of indirect semiconductors from
photoresponse (or absorption) data is done most reliably by
plotting the square-root of the photoresponse as a function of
photon energy [22]. Doing so for the all-Si device, we found
as predicted by Eq. (7) and Eq. (8) that the square-root of
the photoresponse was well fit by two straight-line segments.
The segment corresponding to phonon absorption intersects
the energy axis at Eg — fiw, and the other segment correspond-
ing to phonon emission intersects the axis at Eg +Aw. Our fit
gave E5=1.10 eV and Aw=70 meV, close to the known
values for Si of 1.12 eV and 58 meV respectively.

Fig. 9 shows the square-root of the photoresponse of three
Si; —,-,Ge,C, diodes. These data cannot be fitted to two
straight lines as was done for the all-Si device. While the
region above 1.00 eV showed the expected quadratic behav-
ior, the photoresponse did not go to zero at Eq — iw (approx-
imately 0.90 eV), as predicted by Eq. (7). These diodes
exhibited excess deep absorption, which increased with the
C concentration. We can be reasonably certain that the origin
of this excess absorption is electrically active defect states
within the band gap, but we do not know whether the defects
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Fig. 8. Sip 5Ge,2C, and all-8i p-i-n diode room temperature photoresponse.

0.20 ——————— -
1)
’:T - Veias =0 ,I{/"/j
& o045 A
Q a
%) s
c e
(e} we
2 010 AN
o g
A
=] g
§ 0.05 Ry = 1.0%, om0 -
o 0.6% ===
JAREnIR
(=3
[4p] 0.00 L | . 1 s 1

0.85 0.90 0.95 1.00 1.05

Photon Energy (eV)

Fig. 9. Square-root of the room temperature photoresponse of the Sig §Geg »Cy
diodes.
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are due to substitutional C, interstitial C, or to impurities
(such as O) in the methylsilane source gas, which might also
increase as [C] increased. However, it must be noted that the
C-free device showed this absorption tail as well, and at least
four earlier independent photocurrent experiments on
strained Si; _,Ge, grown by low temperature epitaxy suffered
similarly from sub-Eg defect absorption [24-27]. These
observations suggest that although the deep absorption
increased fourfold when the C content was raised from O to
1.0%, the defects responsible may not be due solely to the
presence of C.

5. Summary

For a given band gap, pseudomorphic Si, _,_,Ge,C, thin
films on Si (001) have less strain and presumably a greater
critical thickness than do C-free Si;_,Ge, films [4].
Si; —»-,Ge,C, layers with reduced strain may offer the pos-
sibility of extending Si-based heterostructures to applications
requiring thicker films than are currently available with
Si; _,Ge,.

We have fabricated and characterized three sets of micro-
electronic devices containing epitaxial Si, _,_,Ge,C, layers.
The temperature dependence of the collector current in
Si; - ,—,Ge,C, base heterojunction bipolar transistors indi-
cated that the band gap of Si;_,.,Ge,C, increases +26
meV %C~! [7]. Capacitance measurements on p™*-
Si; - ,Ge,C,/p~-Si heterojunction internal photoemission
structures indicated that the increase in band gap in the
Siy _,—,Ge,C, is due primarily to downward movement of
the valence band. Finally, Si,_._,Ge,C, p—i-n diodes
showed no degradation inreverse bias leakage compared with
C-free devices for y <0.01. However, the diodes did exhibit
excess sub-band gap absorption which increased with [C].
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