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Using photoreflectance (PR) spectroscopy, the temperature dependences of the E, transition in bulk
Ge and a (Si),,/(Ge), strained-layer superlattice (SLS) were measured at temperatures from 87 to 295 K.
A rapid decrease in the PR amplitude with temperature was observed for the SLS as compared with the
bulk Ge E, transition. This decrease is explained by using a model relating the PR amplitude to
minority-carrier lifetime. The overall temperature dependences of the measured PR amplitudes were
found to be consistent with the assumptions of this model. The model implies that there may be a
different trapping mechanism in the superlattice than in bulk Ge. Fits to the Varshni relation also indi-
cate a different temperature dependence of the E, transition energies in the SLS as compared with bulk
Ge. The measured bulk germanium Varshni coefficients are found to be in reasonable agreement with

the results of an earlier determination.

I. INTRODUCTION

Si-Ge strained-layer superlattices (SLS’s) and quantum
wells (QW’s) have been under increased attention because
of their capability to have novel electronic and optical
properties while being compatible with existing Si pro-
cessing technology.!™ In order to grow Si-Ge SLS
structures consisting of an arbitrary number of periods,
strain-symmetrized alloy buffer layers have been em-
ployed, thereby permitting structures to be grown thick
enough for device applications.* Such structures are of
great interest and have been under recent investigation
owing to the possibility of artificially synthesizing a
group-1V quasi-direct-band-gap material using indirect-
band-gap hosts (Si and Ge).’~’

As shown by Kangarlu et al.,? photoreflectance (PR)
can be used as a nondestructive means for measuring the
temperature dependence of superlattice transition ener-
gies. Recently, PR has been shown to be useful in the
characterization of electronic transitions in (Si),,/(Ge),
SLS’s.® However, the full temperature dependence of E,,
transitions in Si-Ge SLS’s has not yet been investigated.
In this study we report the temperature dependences of
the strain- and confinement-lifted E, transitions in a Ge-
rich SLS’s and compare them with the corresponding
dependence of the bulk Ge E, transition.!°"!2 The
dependence of both the measured transition energies and
PR amplitudes will be discussed.

II. EXPERIMENT

The structure under investigation was a 60-period
(Si)g/(Ge)3, SLS grown on an 8000-A 80% Ge alloy buffer
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layer on a (100) Si substrate. The SLS region of the
sample therefore consisted of a 45-A Ge layer followed by
a 11-A Si region, repeated 60 times. Details of the sample
growth and structural characterization have been
presented elsewhere.”!® A p ~-type Ge sample was used
for comparison with the (Si),,/(Ge), sample grown on a
p~ -type wafer.

During PR investigations, monochromator slits were
set to 0.5 mm for measurements of the Ge spectra, while
a slit width of 3 mm was needed to provide a sufficient
signal-to-noise ratio (SNR) for the (Si),,/(Ge), structure.
The larger slit width was justified by the observation that
the measured E}(1) transition’ linewidth was the nar-
rowest and did not change for both 0.25- and 3-mm slit
widths. The corresponding energy dispersions of the 3-
and 0.5-mm slit widths are given by 8E /E2=6.05X 107>
and 2.02X 1073 eV ™1, respectively.

Spectral measurements of the SLS sample were taken
at temperatures from 87 to 295 K. The spectra of bulk
Ge sample were taken between 83 and 335 K. An MMR
Joule-Thompson refrigerator and temperature controller
were used to maintain stable temperatures to within 2 K.
PR measurements were taken using a 632.8-nm 10-mW
He-Ne laser as a modulation source, while a Judson ther-
moelectrically cooled photovoltaic germanium detector
was used to measure the light reflected from each sample.
Reflective optics were used to collect the light after the
monochromator, and a 100-W tungsten lamp was used as
a probe during all of these measurements. Additional ap-
paratus used in PR spectroscopy, both above and below
the band gap, is discussed elsewhere. 1471
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III. RESULTS AND DISCUSSION

A. Line-shape analysis

The PR spectra from homogeneously (or inhomogene-
ously) broadened quantum wells are best fit by the first
derivative of a Lorentzian (or Gaussian) line-shape func-
tion (i.e., first derivative of a complex dielectric function
with a Lorentzian or Gaussian absorption profile). 4718
The nonexcitonic spectra from thin-barrier superlattices
and bulk materials, however, are best fit using a third-
derivative Lorentzian functional form'#'"!® derived by
Aspnes.'” The PR spectra from the narrow-barrier-
width (11 A) (Si)g/(Ge)s, superlattice may contain both
first- and third-derivative components, depending on the
degree of quantum-mechanical confinement. As a result,
the measured spectra were fit to both the first derivative
of a Gaussian and the third derivative of a Lorentzian
complex dielectric function. The measured temperature
dependences of the transition energies and PR ampli-
tudes were found, within experimental error, to be in-
dependent of which derivative line shapes were used.
The data, however, showed a better fit in the shoulders of
the line shape by the first-derivative Gaussian expression.
This may indicate that the spectra measured from the
SLS are a result of a first-derivative modulation of the ex-
citonic interaction in the SLS.'® One should be cau-
tioned, however, that the onset of high-field effects may
cause nonlinearities in the dielectric function'® that result
in a line shape that appears to be better fit by a first-
derivative Gaussian expression when, in fact, neither of
the above line shapes is rigorously appropriate.

B. Bulk and SLS spectra

The spectral features observed from the superlattice
are believed to originate from strain- and confinement-
induced splittings?>® of the E, transition in Ge (EJ®).!!
Figure 1 illustrates measured PR spectra (dotted curve)
of the ES® transition in the bulk Ge sample at 87, 200,
and 295 K. The solid curve is a nonlinear least-squares fit
to a third-derivative Lorentzian line-shape function.'®
These spectra were also fit to a first-derivative Gaussian
expression, but as mentioned before, the values of the
transition energies and relative amplitudes were found to
be independent of which derivative line shape was used.
Figure 2 shows similar measured spectra (dotted curve)
due to transitions from the strain- and confinement-split
heavy- [E{(1)] and light- [E}(2)] hole band to the con-
duction band (at I'y.) in a Ge-rich (Si)g/(Ge);, SLS at 87,
200, and 295 K. Again, these spectra were also fit to be
the first-derivative Gaussian expression, discussed in Sec.
III A. As illustrated by these spectral fits, the bulk ger-
manium E| line shape is much more poorly represented
by the third-derivative Lorentzian line shape then the
SLS spectra. This was also found to be the case when
comparing the corresponding fits to a first-derivative
Gaussian expression. The poor fit of Ge spectra to either
the first- or third-derivative expressions may be due to
the Franz-Keldysh (FK) effect, given as a possible ex-
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FIG. 1. Measured photoreflectance spectra (dotted curve)
from a p-type germanium wafer at 87, 200, and 295 K. Each
spectrum was normalized to the measured value of |AR /R,
at 87 K. The solid curve is a nonlinear least-squares fit to a
third-derivative Lorentzian line shape. These spectra were also
fit to a first-derivative Gaussian expression, but the values of the
transition energies and relative amplitudes were found to be in-
dependent of the derivative line-shape functions used.

planation for a similar problem in the fitting of PR data
from a Ga, g,Alj ;3As alloy sample.?! The present Ge
line shape closely resembles the features that we have ob-
served from FK oscillations (i.e., the first few extrema)
measured from other bulk Ge samples.
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FIG. 2. Measured photoreflectance spectra (dotted curve)
from a strain-symmetrized (Si)g/(Ge);, superlattice at 87, 200,
and 295 K. Each spectrum was normalized to the measured
value of |AR /R|,.. at 87 K. The solid curve is a nonlinear
least-squares fit to a third-derivative Lorentzian line-shape func-
tion. These spectra were also fit to a first-derivative Gaussian
expression, but the values of the transition energies and relative
amplitudes were found to be independent of the derivative line-
shape functions used.
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C. E, transition energy temperature dependence

Figure 3 gives the measured temperature dependence
of the bulk Ge E§® sample transition energy, as well as
the EJ(1) and E}(2) heavy- and light-hole to
conduction-band transition energies (solid circles) in the
(S1),,/(Ge), SLS. These spectra are shown fit (solid
curve) to the Varshni relation.?? The results of these fits
are summarized in Table I. We find that a linear approxi-
mation between 87 and 295 K yields a temperature
coefficient of AE/AT=—13.56X10"*eV/K for E§® and
values of AE/AT=—3.85X10"* and —3.37X107*
eV/K for the E(l)(2) and E(l)(l) transitions, respectively.
These values are in reasonable agreement with prior in-
terpolations of the electroreflectance data from the E,
transitions in Si-Si;_,Ge, multiple-quantum-well sam-
ples measured at 77 and 295 K. %°

For the measured temperature dependence of the E ¢
transition, we find that good agreement between prior re-
sults?? is obtained for the values «, B, and E, of the
Varshni relation. The experimental values obtained from
a prior fit to the Varshni relation for the germanium E,
transition are 0.889 eV, 6.84 X 10~ * eV/K, and 398 K for
E,, a, and B, respectively.?? These values are compared
to the data for the E§® transition given in the Table I. As
illustrated by these results, there is a noticeable difference
between the temperature dependence of EJ¢, E}(1), and
E}(2) transition energies. These differences are believed
to be attributed to both strain and confinement effects in
the SLS, not present in bulk Ge. As a result, the Debye-
Waller (DW) and self-energy (SE) terms’*?* in the
electron-phonon interaction, which dominate this transi-
tion energy dependence, could be correspondingly
different.

It might also be true that the shift in the transition en-
ergy due to lattice dilation with increasing tempera-
ture?>?3 is larger for the strained-layer (Si),,/(Ge), super-
lattice than for the bulk case. To examine this possibility,
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FIG. 3. Measured temperature dependences of the bulk Ge
ES* transition energy, as well as the E}(1) and E}(2) heavy-
and light-hole to conduction-band » =1 SLS transition energies
(solid circles). The solid line is a fit to the Varshni relation
given in Table I.

TABLE 1. Results of fits to the Varshni relation
E=E,—aT?/(T+B).
Transition E, (eV) a (eV/K) B (K)
E}(1) 1.23 435%x107* 147
El(2) 1.33 9.56X 1074 598
ESe 0.892 7.25X 1074 433

we will consider the linear shift in the E}(1) and E}(2)
interband transition energies due to lattice-dilation
effects. For T >>f the sum of this shift and the linear
shift due to the electron-phonon interaction should yield
a [i'e" aN(aEO /aT)lattice dia. +(aE0 /aT)electron-phonon]'
As discussed in Ref. 24, the lattice-dilation effects of the
E, interband transitions in bulk materials may be de-
scribed by

3E,
aT

3E,
P

LD

, (1)

where B is the bulk modulus, related to the elastic con-
stants in cubic materials by B =(c,;+2c;)/3,
arg=(1/L)(AL /3T) is the coefficient of linear thermal
expansion, and P is the pressure. For the EJ}(1) and
E (1)(2) transitions under study, the large conduction-band
offset between the I',, points in the band structure of Si
and Ge, '® and the small T, effective mass?® result in the
following approximation to the lattice-dilation effect in
the SLS:

3E,
aT

oP

~—arg(T) , (2)

LD

2E , +3B

where E_ =#*m?/2uL?, L is the width of the Ge well re-
gion (45 A), and p is the effective mass at I'.. Note that
Eq. (2) is only valid for (Si),,/(Ge), SLS’s with lightly
strained Ge layers, such as the (Si)g/(Ge);, SLS under
study.

Using (3E,/dP);=13 meV,?* a;z=6Xx10"¢% K~ 1%
and the elastic constants given by Ref. 28, the single-
band model described by Eq. (2) yields
(3E, /08T ) p~—1.77X107*% As seen by Table I, this
contribution alone does not account for the measured
discrepancies in «. Furthermore, since 2E
<<3B(9E,/dP), one would not expect to measure a
significant difference between values of a for heavy and
light holes, as observed in Table I. Therefore, the ob-
served differences in Varshni parameters between bulk
and SLS transitions must be due to strain- and
confinement-induced changes in the DW and SE contri-
butions of the electron-phonon interaction in the
(Si)g/(Ge)s3, sample.

From the theory of Allen and Cardona (AC),?*?*?° the
DW and SE contributions to the electron-phonon in-
teraction are given in terms of the one-electron states
|k,n ) with wave vector k and band index n as
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AERY =(k,n|(H,+H,)|k,n) , (3) It is well known that strain and confinement effects can
, cause the band structure’>>3%3% and phonon disper-
SE I(k',n’|H,|k,n )| sion**~% of (Si),,/(Ge), superlattices to be very different
AE k,n = 2 . (4)

w,nzkn  Ekn Ern TN

H, and H, are the leading-order terms of the Taylor ex-
pansion of the crystal potential V(r —R(/,k)—u(l,x));
R(/,k) are the positions of atoms of species k having dis-
placements u(/,«), and / labels the unit cells. Expressions
for H, and H, are given in Ref. 29.

In order evaluate the shifts given by Egs. (3) and (4),
they must first be thermally averaged as follows:

AE, (T)=3 i
en(T)=
" o | g

fiw . /k,T
where nq,j=1/(e &7

) (5)

1
[nqvj( T)+ 3

27 —1) is the Bose-Einstein occu-
pation factor for phonon mode q,j having energy #w. As
demonstrated elsewhere,?>?* evaluation of Egs. (3)—(5)
requires the ability to determine both the lattice dynam-
ics and a reasonably simple model of the band structure.
As a detailed calculation, such as the one performed by
AC,%2% s beyond the scope of this work, we will only
qualitatively investigate effects of strain and confinement
on the SE contribution using an effective-mass
(deformation-potential) model of this interaction.?%3! As
discussed by AC, this contribution is important for the
full treatment of shift due to the electron-phonon interac-
tion. Although we will not discuss effects on the DW
term, the SE term alone illustrates how strain and
confinement can influence the measured temperature
dependence of (Si),,/(Ge), superlattices.

If we assume that te dominant contribution to Eq. (4) is
due to absorption and emission of acoustic phonons, the
second-order shift in the first-order electron-phonon in-
teraction may be described by the hydrostatic deforma-
tion potential constant E |, defined by

H,=E,Tt(e;;), (6)

where Tr(€; ;) =€, +€, +¢€, for cubic crystals and € is the
strain. Under this approximation and assuming » =n’ in
Eq. (4), we obtain

|E, |*#q n
2pc;

q
€0,n " E0—g,n —fiw

nq+1

8O,n —80+q,n +ﬁwq

AEFE =3

q9 q9

+

, (D)

where p is the crystal density and ¢, is the longitudinal
velocity of sound. The leading-order electron-phonon in-
teraction is zero to first order in perturbation theory be-
cause of the selection rule Ak¥0, required by momentum
conservation. Now, under the effective-mass approxima-
tion at the I" point, we may rewrite Eq. (7) as

|E,1%4q (2n,+ 1)#%q*/2m* —#iw

L, 8)
(#2g%/2m* )} —(Fiw, )* (

AESE =
o § 2pc,

where m * is the average parabolic effective mass (over all
directions) of the band » under consideration.

from that of Si, Ge, or the corresponding random alloy
(in our case Siy ,Geg g). Although Eq. (8) is by no means
exact (no DW term, acoustic phonons, and parabolic
bands), it does serve to illustrate how the temperature-
dependent electron-phonon interaction can depend upon
phonon dispersion [w,=w(g)] and band structure
[m*=#*/(3%E /3k?)]. Thus, without a detailed calcula-
tion, we have illustrated how strain and confinement can
cause the Varshni coefficients, used to empirically model
AE, ,, to differ between SLS and bulk E|, transitions.

From the results of Kangarlu et al.? in the measure-
ment of Varshni coefficients in the GaAs-Al,Ga,_,As
system, no appreciable difference in the coefficients was
observed between confined (unstrained) and unconfined
GaAs. This indicates that strain must be present in a su-
perlattice before there is an appreciable difference be-
tween bulk and SLS relations for AE, ,. Whether this
difference can be attributed to strain alone or is the result
of strain-induced mixing of the various s- and p-like wave
functions involved in the E transitions’ is under current
study.

D. Amplitude temperature dependence

In addition to the observed deviations in a and 3, there
is a difference in the temperature dependence of the PR
amplitude of bulk and SLS E, transitions. This
difference is the most striking characteristic of the data
shown in Figs. 1 and 2. Figure 4 shows the measured
temperature dependence of the PR amplitude, CEo’ for

the E, transitions in bulk Ge (Cg ) as well as E (1) and
E}(2) (denoted by C Eq(1) and Cg (3), respectively) in the

(Si),,/(Ge), SLS. These dependences exhibit two regions
with unique activation energies that may correspond to
different recombination mechanisms within the SLS and
Ge samples. Let us denote the transition temperature
(corresponding to the “knee of” the curve) by T,. As
noted earlier, the normalized amplitude dependence was
found to be independent of the type of derivative line
shape used to fit the data. This indicates that the ob-
served dependence was not due to fitting with an inap-
propriate line shape. Since, in PR, the dominant form of
electric-field modulation is modulation of the built-in
electric field through photoinjection of electron-hole
pairs,® the photoreflectance amplitude is expected to be
directly related to carrier lifetime. The regimes above
and below T, may therefore be explained using a steady-
state model of the dependence of C =C(T) on minority-
carrier lifetime.

According to electromodulation (EM) theories of inter-
band and excitonic spectra, the change in the real and
imaginary parts of the dielectric function, Ae; and Ae,,
are proportional to some power of the modulating elec-
tric field 6.3%% Therefore, we may relate the normalized
change in reflectivity to &, using the Seraphin
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FIG. 4. Measured temperature dependence of the PR ampli-
tude CEo for the bulk Ge E, transitions (CEo) as well as the

E{(1) and E}(2) heavy- and light-hole to conduction-band tran-
sitions (CEOm and CEO(Z)) in the (Si),,/(Ge), SLS. The normal-

ized amplitude dependence was found to be independent of the
form of the derivative line-shape functions used to fit the data.
These dependences exhibit two regions with unique activation
energies that correspond to different recombination mechanisms
within the SLS and Ge samples.

coefficients,*! as follows:

AR5=aAeI+BAeZoc5', ©)

where R is the reflectivity, @ and 8 are the Seraphin
coefficients, and » =2 for the low-field limit of interband
transitions when the excitonic interaction may be neglect-
ed.**'® For excitonic interactions and electromodulation
involving high-field or Franz-Keldysh effects, r may take
on noninteger values. *%!!

As mentioned above, PR is a type of EM where the
field modulation takes place through periodically per-
turbing the built-in field near a semiconductor surface by
photoinjection of carriers.’® We may then determine a
relationship between the amplitude of the PR signal and
the carrier lifetime for the conditions of this experiment.
Consider the case for a p-type semiconductor sample
whose built-in & field is modulated by a pump beam of in-
tensity I, that decreases as I =I,e ° at a distance z in
the sample, where a is the absorption coefficient. We as-
sume that the beam enters the sample at normal in-
cidence. Let us further assume that the probe beam is
chopped at a modulation frequency v,, << 1/7, where 7 is
the carrier lifetime and that a fraction y of the photogen-
erated electrons not recombining with holes in the bulk
can drift to the surface and neutralize positively charged
trap levels at the surface, thereby establishing a reduced
field. The injected carrier density at z may be taken at its
steady-state value given by the product of 7 and the gen-
eration rate.** The photoinjected excess electronic
charge density at this point is then given by
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dp,(2) _ —gmyldl(z)/dz]
dz fiw

1(z2)
#iw ’

where 7 is the quantum efficiency, g is the charge on the
electron, #iw is the photon energy of the pump beam, and
p.(z) is the electronic volume charge density at z. p(z)
represents the excess electronic sheet charge per unit area
in a layer of width dz. The new sheet charge density at
z =0 may then be determined from the integral of Eq.
(10) from O to I, where [ is given by the smaller of either
the electron mean free path, the probe beam’s penetration
depth (1/a), or the sample depletion width W. Thus the
change in initial sheet charge density at z =0 is given by

p(2)=

_gra

(10)

Agtl,
ApY=
Ps= "0 (11)
A=(1—e yy . (12)

The maximum value of the built-in electric field is
readily obtained from Gauss’s law as

ATIO

N, W
4 fiw

gmen=1 : (13)

where € is the low-frequency dielectric constant and N 4
is the ionized acceptor concentration. Solving Poisson’s
equation under the depletion approximation® yields

ATIO

N (W —2z)—
A( z) P

(14)

sz)=4
€

We may now determine the relationship between the PR
amplitude and the minority-carrier lifetime using Eq. (9)
and assuming, for simplicity, a sinusoidal modulation
given by

_ Idc .
Io—Idc+-2—Sln(27Tth) . (15)

inserting Eq. (14) into Eq. (9) and expanding the result to
two terms, we have

rArl,
#w ’
(16)

gN 4

&Mz)=4
€

(W —2z) N (W —2z)—

where we have assumed, in the case of low level injection,
that rArl, /%o <<N ,(W —z) for 0=<z <[probe; [probe jg
given by the smaller of Wor 1/a,, the penetration depth
of the probe beam. Taking the ac component of the pre-
vious expression after inserting Eq. (15) into Eq. (16), the
resultant PR amplitude, given by Eq. (9), is related to 7
by
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Furthermore, using the Shockley-Read-Hall (SRH)
theory of recombination,* we find
Er—Ep Ep—E,
—_— — |, (18)
T 1+2exp kyT kyT

where Ep is the Fermi level, Ep; is the intrinsic Fermi
level, and E, is the energy of the trap level. As a detailed
knowledge of the trapping levels in the SLS is not avail-
able, the above results will be used primarily for qualita-
tive discussion.

Before proceeding to discuss how Eq. (17) and (18) can
be used to explain the measured amplitude behavior, we
will first verify the assumptions used to derive these equa-
tions and review how the parameters used in the above
model of C(T) are meaningful in terms of the samples
under investigation. The steady-state assumption of our
model (i.e., that v,, <<1/7) was easily verified experimen-
tally by varying the chopping speed of the pump beam to
lower frequencies and noting that the amplitude
remained invariant. This is consistent with the modula-
tion frequency of v,, =281 Hz used in these experimental
and the typical lifetimes <1072 sec for bulk Ge.** The
lifetime in the SLS should be even less than this. Also,
for this small lifetime a probe beam intensity of ~ 100
mW/cm? and 4 <<1, expected for reasonable values of
Y, 1, a, and electron mean free path in Ge, we should
have rArl,/#iw <<N ,(W —z). These values are largely
unknown for the SLS under investigation, but should be
such that rA7l,/fio <<N (W —z) is also satisfied for
the (Si)g/(Ge);, material (i.e., 7 should be smaller, etc.).

It is easy to see from Eqgs. (17) and (18) that for
|Ep—Ep| <<|Ep;—E,| (corresponding to T>T,,), the
PR amplitude should have a dominant temperature be-
havior given by C(T)~¢e Er =Bl k8T G here ¢ is weakly
dependent upon temperature. This is valid for the sam-
ples studied (very lightly doped) near room temperature.
Note that Ep.— Ep; (i.e., p—n;) as we increase T (for ex-
ample, see p. 19 of Ref. 43). This is consistent with the
smaller value of T for the SLS than for bulk Ge since
the SLS was not intentionally doped. Conversely, as we
decrease T, |Ep— Ep;| increases and a different activation
energy is expected. This explains the transition from
low- to high-temperature regimes observed Fig. 4. Thus,
for T>T,, an activation energy corresponding to
|Ep; —E,| may be obtained, approximately independent
of Ep.

In this study the rapid decrease in PR amplitude with
increasing T prevents us from ri%orousl?f verifying the ex-
. =Ep —E1/kyT .
ponential threshold C(T)~%e ~F *""F" predicted at
higher temperature as a result of the number of thermally
generated carriers overwhelming those present due to im-
purity ionization. A more thorough verification of this
behavior would require the analysis of the temperature
behavior of a narrow-gap material; n,p —n; would be ex-
pected to occur at much lower temperatures in that case.
To verify the model at T < T,;, would be nontrivial since
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one would generally need to solve for r=7(Ap ~An),
with Ap =An(7) obtained through the continuity equa-
tion. One would furthermore need to include the temper-
ature dependence of Ep—Ep; and determine the asymp-
totic behavior of the ac component of the electric field,
analogous to Eq. (16). Therefore, although the above
asymptotic model of C(T) does predict the two activa-
tion energies for the C(T) data measured in these experi-
ments, the actual values of the activation energies for
T < Ty, may not have a concise physical meaning in rela-
tion to the parameters used in Egs. (17) and (18).

For T>T,, however, the parameters in the model
have a physical interpretation in terms of activation ener-
gies for SRH recombination centers in lightly doped ma-
terials. One could model non-SRH-type recombination
effects in a similar fashion. Applying this model to the
C(T) data, from Fig. 4, we find |E, —Eg;|~0.11 eV for
both CEO(I, and CEO(Z)’ while |E, —Ep;| ~0.15 eV for the

bulk Ge sample. This indicates that there may be a
different trapping mechanism, or trap-level distribution,
in the superlattice then in bulk Ge. This difference is re-
sponsible for the more rapid decrease in CEo then CEO(I,

or Cg (3 with increasing 7. Similar PR studies may,

therefore, be useful in comparing SRH-like trapping
centers in SLS materials. It should be noted, however,
that the assumption of a single trapping level responsible
for SRH recombination events prevents a detailed
knowledge of trap distributions from PR temperature
studies alone. Furthermore, the band structure of the
(Si)s/(Ge);, sample is not purely three dimensional and
lifetime mechanisms may not be completely accounted
for by SRH theory alone. Clearly, more work must be
done to fully understand the use of PR amplitude mea-
surements in characterizing carrier lifetime.

IV. SUMMARY AND CONCLUSION

In conclusion, we have compared the measured tem-
perature dependence of PR critical-point energies of the
E, transition in bulk Ge to the E}(1) and E}(2) transi-
tions in a (Si)g/(Ge);, SLS. In both cases the transition
energies fit well to the nonlinear Varshni relation for bulk
semiconductors.?”? The different temperature depen-
dences measured for the EJ¢, EL(1), and E{(2) transi-
tions, summarized in Table I, are believed to be due to
differences in the temperature-dependent Debye-Waller
and self-energy interactions®>?* for each of these transi-
tions. It was also found that a two-point linear approxi-
mation between 87 and 300 K yields a bulk Ge tempera-
ture coefficient AE, /AT near the value of the coefficients
obtained from the (Si)s/(Ge);, sample. This is in agree-
ment with an earlier work.?’ The values obtained from
the Varshni relation fits, a, B, and E,, are also in good
agreement with previous values for the bulk E, transi-
tion. 22

Finally, by comparing the measured PR amplitude
dependence on temperature, a much more rapid decrease
in amplitude with temperature is observed for the E|
transitions in the SLS than for the corresponding bulk
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case. This decrease is believed to be associated with the
dependence of the PR amplitude on minority-carrier life-
time. From the results of fitting these dependences to an
approximate model, differences in activation energies be-
tween SLS and bulk dependences indicate that there may
be a different trapping mechanism, or trap-level distribu-
tion, in the superlattice than in bulk Ge. The measured
temperature dependences, in both cases, were found to be
consistent with the assumptions of the model presented
above.
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