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Modulation spectroscopy of the complex photoluminescence band of Ga, ;Al, ;As:Si
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The photoluminescence and reflectivity of Gag ;Alj ;As:Si have been studied in piezomodulation,
wavelength-modulation, and photomodulation spectroscopy at low temperatures. We could identify
the symmetry of the zero-phonon and phonon-assisted transitions by their comparative behavior in
wavelength- and piezomodulated spectroscopy. The experimental results have been interpreted in
the framework of an effective-mass model of the donor wave function in multivalley semiconductors
similar to that proposed by Henning, Ansems, and Roksnoer [Semicond. Sci. Technol. 3, 361
(1988)]. Within this model, a value of the hydrostatic deformation potential of the L band in this al-

loy is deduced: —4.9940.07 eV.

I. INTRODUCTION

It is nowadays well established that n-type impurities
in Ga,_,Al As give, in addition to the effective-mass
donor, a deep state, the DX center.! There is strong evi-
dence that the shallow and the deep DX levels are, in fact,
two possible configurations of the same impurity center.?
The deep level exhibits bistability, an electron-capture
cross section which is thermally activated. Although it is
well established that the deep level is due to the dopant, a
controversy concentrates on the magnitude of the lattice
relaxation.® This has given models based upon displace-
ment of the substitutional donor with either large or
small lattice relaxation. The line shape of the complex
luminescence band of Ga,_,Al,As has been intensively
studied by Henning, Ansems, and Roksnoer,* who re-
vealed the existence of four donor levels in
Ga,_,Al As:Si. By studying the alloy composition
dependence of these transition energies and using a mul-
tivalley description of the impurity wave function in an
effective-mass approach, they could propose a symmetry
to each recombination line they observed. In particular,
they speculated that the DX center could be the donor
level corresponding to a donor-acceptor pair recombina-
tion with electron wave function being a fully symmetric
combination of the four equivalent L-conduction minima.
Previous experimental examinations of the optical prop-
erties of alloy samples which contained some silicon im-
purities presented in the papers of Roach et al.’ have re-
vealed complicated temperature and energy dependences
of the photoluminescence spectra with the hydrostatic
pressure. Pressure-induced modifications of expected in-
terlevel couplings prevented these authors from giving
any clear determination of the contribution of all
conduction-band extrema to the pressure coefficient of a
given level, especially near the direct-indirect crossover.
They suggested identifying the lower-energy component
of their luminescence band (labeled B in their paper) with
the D, A transition identified as DX by Henning, Ansems,
and Roksnoer.* This level was experiencing a blueshift
up to 4 GPa, then a redshift for higher pressure.
Reevaluation of these data using an elementary calcula-
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tion of the influence of the pressure on the different levels
of the donor in Ga, ,Al, ;As suggests that we label this
transition D3 A instead of D, A. The nonlinear depen-
dence of the level under hydrostatic pressure is found to
result in L-X coupling by the donor potential. These au-
thors did not observe any coupling of the I'-X type which
could only occur for an X-type donor wave function built
by fully symmetric combination of the three equivalent X
valleys, i.e., having 4, symmetry. This is only possible
for a group-VI substitutional donor, according to group
theory.® A recent examination of the pressure depen-
dence of the DX level by deep-level transient spectrosco-
py (DLTS) in (GaAlAs:Te has suggested a mixed charac-
ter (between L and X) to the pressure coefficient of this
transition.” Although this latter result is consistent with
an effective-mass description, the results of these two hy-
drostatic pressure experiments do not allow us to reject
Chadi and Chang’s model,® which treats the DX center as
a deep trap. However, Chadi’s model is rejected by Bour-
goin, Feng, and Von Bardeleben® who concluded in an
effective-mass state after studies of electron-emission and
-capture variations with the alloy composition.

In this paper, we study the photoluminescence band of
Gag ;Alj ;As:Si by using piezomodulation spectroscopy
and show the applicability of an effective-mass descrip-
tion of the symmetry of all photoluminescence lines.
Piezomodulation spectroscopy is a powerful differential
method which enables us to elucidate a large number of
band-structure problems in bulk® semiconductors and is
now successfully applied to low-dimension systems such
as quantum wells and superlattices.!®!! In contrast to
high-pressure studies the modification of the whole ener-
gy spectrum is small and the previously discussed
pressure-induced modifications of interlevel couplings
can be ignored with an extremely good approximation,
due to the small deformations involved in this perturba-
tion. To analyze results provided by this investigation,
an additional experiment is required in order to obtain
the first derivative of the unperturbed photoluminescence
spectrum: a wavelength modulation of the photolumines-
cence spectrum.'® Basic principles of the method are
given in Sec. II of the present paper. Comparing data ob-
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tained by these two experiments, we could give an assign-
ment to each recombination line of the complex lumines-
cence band of our sample. The modulation ratio of all
transitions has been interpreted in terms of expansion of
the donor wave function along the various minima of the
first conduction band. A pressure dependence of 5.8+0.5
meV/kbar could be estimated for the level D, A lower-
energy zero-phonon transition. Because this transition
exactly follows the L band in the alloy, we suggest this
value be considered as a measurement of the pressure
coefficient of the L band in (Ga,Al)As.

II. EXPERIMENT

The sample has been grown by MBE (molecular-beam
epitaxy); it consists of a GaAs semi-insulating substrate
on which a 1-um nonintentionally doped (GaAl)As buffer
layer has been grown before 3 um of silicon-doped
(Ga,Al)As were deposited with a Si dopant density of
9%X 107 cm™3. The growth temperature was 610°C.
Photoluminescence data presented in this section were
taken at 2 K and at ~25 K (when the sample and the
piezoelectric transducer attached to a cold finger were
cooled by conduction) with a 50-cm focal length Jobin-
Yvon HRS spectrometer, using the 514.5-nm green radia-
tion of an ionized argon laser and with several red radia-
tions of a cw dye laser loaded with 2-2-4 dimethyl-
amino-propane dinitril (DCM).

Figure 1 summarizes spectroscopic data taken at 2 K.
A measurements of the reflectivity at 2 K [spectrum 1(a)]
gives us an idea of the direct band gap of the epilayer.
The onset of the low-energy oscillations, which vanish
when the semiconductor starts to absorb the light, occurs
above 1934-1937 meV. Using the aluminum mole frac-
tion (x) band-gap law recently published by Bosio et al.'
and a Rydberg energy of 5 meV gives approximately an
aluminum concentration of 30% in the sample.
Photoreflectance spectroscopy measurement [Fig. 1(b)]
has been done in order to cancel the interference system.
We observe one differential structure at the energy of the
band gap obtained by standard reflectivity. The photo-
luminescence occurs at low energy [see Fig. 1(c)]. A
strong maximum at 1896 meV is observed when the green
line of argon is used [Fig. 1(c)]. Increasing the sensitivity
of the detection enables the observation of the emergence
of transitions at 1780 and 1747 meV [as an illustration,
the 1780-meV transition is plotted in Fig. 1(d)]. These
transitions are hardly resolved in the low-energy wing of
the photoluminescence band. Photoluminescence excita-
tion (PLE) spectroscopy data (the dotted line in Fig. 1(c)]
confirm the value of the band-gap energy obtained from
the reflectance and photoreflectance experiments.

Increasing the temperature of the experiment up to 25
K, the 2-K photoluminescence band becomes structured.
The shape of the whole photoluminescence is also a com-
plicated function of the pump energy [see Figs.
2(b)-2(d)]. This witnesses the complicated mechanisms
ruling the relative amplitudes of the photoluminescence
structures in the sample. The best experimental resolu-
tion has been observed when setting the energy of the
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pump laser at the excitonic energy obtained from the
reflectivity experiment [spectrum (c) in Fig. 2]. The
piezomodulation experiment was performed in these tem-
perature and excitation conditions. Table I summarizes
the full series of energies characteristic of this sample.
Spectra in  piezomodulation and wavelength-
modulation spectroscopy were also taken at ~25 K. To
obtain the wavelength-modulation spectrum, the emitted
wavelength is modulated inside the monochromator by
replacing the mirror before the exit slit with a mirror
which can be made to oscillate at a frequency of some
hundred hertz with a lead-titanate-zirconate piezoelectric
transducer. The intensity of the diffracted light slightly
varies around its mean value at the oscillating frequency
of the transducer. Setting the reference frequency of a
lock-in amplifier at this frequency, one observes a signal
closely proportional to the first energy derivative of the
unmodulated spectrum. In the piezomodulation experi-
ment the physical properties of the sample are modulated
in the following way: the sample is attached to cylindri-
cal pizeoelectrical transducer submitted to an alternaing
voltage of roughly 350 V. The breathing modes of the
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FIG. 1. (a) Reflectivity spectrum taken at 2 K for
Gag ;Aly ;As grown on GaAs. Note the series of interferences
in the alloy epilayer. The onset of absorption at the band-gap
energy cancels this interference system. (b) Photoreflectance
spectrum of the sample. The interferences have been quenched
and a derivative structure is observed at the energy of the band
gap. (c) Photoluminescence (solid line) and photoluminescence
excitation (dotted line) data. Note the Stokes shift between the
spectra; the onset in the PLE (which was taken by setting the
monochromator at the energy of the arrow) corresponds to the
energy of the band gap deduced from reflectance and
photreflectance spectroscopy. (d) Low-energy wing of the 2-K
PL spectrum displayed in (c).
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FIG. 2. Change of the photoluminescence spectrum with the
temperature (compare a with b, ¢, and d). The spectra become
structured when the temperature is increased. The efficiency of
the PL also depends on the absorption coefficient at the wave-
length of the pump laser. These behaviors are used in order to
select the experimental conditions for performing the piezomo-
dulation spectroscopy experiment.

transducer produce alternating planar expansions and
contractions of the sample. To such periodic strain fields
correspond periodic modifications of the band structure.
The amplitudes of these variations are a function of the
deformation potentials of each relevant point of the first
Brillouin zone. Setting the frequency of the lock-in
amplifier to the modulation frequency, one easily detects
energy-oscillating transitions while energy-stationary
transitions are silent. The modulation efficiency for a
given transition is then directly obtained by division of
the intensity of each structure of the piezomodulated
spectrum with the corresponding intensity of the
wavelength-modulated spectrum.
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FIG. 3. (a) Photoluminescence; (b) wavelength modulation of
the photoluminescence; (c) piezomodulation of the photo-
luminescence and reflectance (R). Spectra a, b, and ¢ were taken
at 25 K using a 641-nm radiation for the pump laser.

The corresponding results are gathered in Fig. 3. The
photoluminescence data have been included [Fig. 3(a)] as
well as a reflectance spectrum (R). Figure 3(b) displays
the wavelength modulation of the direct luminescence
spectrum of Fig. 3(a). The labeling is common to Table I
and the figures. Differential structures corresponding to
energy levels labeled a and ¢ exhibit a common behavior
under coplanar stress (the amplitudes of the wavelength-
modulated and piezomodulated structures are in the
same ratio). We suggest identifying them by a zero-
phonon transition a together with one phonon-replica ¢
(fiw,,=34.54 meV). The same trend is observed at low
energy: levels f, g, h, and i behave similarly within the

TABLE I. Transition energies measured at 5 K.

Energy (meV) Character Identification Label
1910.42 r D,—A a
1896.03 L, X D;— A4 b
1875.88 r D, — A —LOg,as c
1862 r D, — A—LOy, d
1848.53 LX D;— A —LOyas e
1812.55 L DSh f
1779.45 L D,— 4 g
1746.35 L D,— A —TOg,as h
1713.25 L D,— A—2TOg,as i

“Resolved in piezomodulation only.
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experimental uncertainty. The energy of structure g cor-
responds to the energy expected for the transition labeled
D, A in the paper of Henning, Ansem, and Roksnoer.* A
deconvolution of the intensity of these transitions has
shown that the intensities of levels g to i obey a Huang-
Rhys law. The replicas involve a phonon energy of 33.1
meV, a value smaller than the 48-meV value given in Ref.
4. The Huang-Rhys factor is also different: i.e., 0.8 in-
stead of 0.5. However, both fittings give nearly the same
value for the relaxation energy: 25 meV. Actually, a
plausible identification is to consider that 4 and i are pho-
non replicas of g (fiw,,=33.10 meV) and that fis a D
transition. Another possibility is to consider f as a zero-
phonon line and g as a replica of f. In this case, a
Huang-Rhys factor of 1.3 is deduced.

We now compare the intensity of structure a in the two
experiments: its signature is plotted larger in piezomodu-
lation than in wavelength modulation. Low-energy struc-
tures f to i appear weaker in the piezomodulation spec-
trum than in the wavelength-modulation data. Taking
the identity for modulation efficiency of structure a [i.e.,
scaling the amplitude of spectrum 3(b) in such a way to
deal with identical wavelength-modulated and piezomo-
dulated features for structure a], structure g has a modu-
lation efficiency of 0.464+0.009. We also measure a
modulation efficiency of 0.46+0.02 for structure b and e.
We propose to identify structure d, detected in piezomo-
dulation only, with a second kind of phonon replica of a
(fiw,, ~ 48 meV).

We now discuss this series of phonon energies in light
of Raman-scattering investigations made by Jusserand
and Sapriel.’* The long-wavelength optical phonons of
(Ga,Al)As display a two-mode behavior. In our present
case, where the aluminum concentration is ~0.3 and us-
ing the frequency variations with the aluminum concen-
tration given in Fig. 1 of Ref. 13, we estimate the follow-
ing phonon energies: ELOGaAS_“ke=35 meV, Ero_ .

=33 meV, ELOAIA&likc =47 meV, and ETOA]As»like =44 meV.

Comparison of these values together with the spectrosco-
py data will allow us to propose the identification of all
transition energies given in Table I.

IIl. DATA ANALYSIS

In the multivalley description of the donor wave func-
tion, expansions along linear combinations of the
conduction-band minima having A4, and T, symmetry
occur. Let

X=Q2m/a)(1,0,0); Y=(27/a)(0,1,0) ;
Z=(2m/a)0,0,1); L,=(m/2a)(1,1,1);
Ly=(w/2a)X1l,—1,—1); Ly=(7/2a)(—1,1,—1);
L,=(m/2a)—1,—1,1)

be the labeling of the satellites conduction-band minima
(Camel’s back effect is neglected). Then combinations
having 4, symmetry are

AT =r

and
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Ar=(L,+L,+L,+L,)/2.

Combinations having the threefold 7, symmetry
are written [X,Y,Z] and [(L;+L,—L;—L,)/2,
(Ly—L,+L;—L,)/2, (L,—L,—L;+L,)/2]. Follow-
ing the treatment of impurity states in multivalley semi-
conductors,'* the electronic spectrum is obtained by cal-
culating the eigenvalues of a 4 X4 matrix of the kind

A7) Af)Y T3 TY)
HY Ay, O 0
H:Y 0 0
Hy Ay
HE~
where the off-diagonal matrix elements of the impurity
potential are noted A;; and the self-energies H/. Includ-
ing the influence of the external stress from the piezomo-

dulation on the conduction states provokes the following
splitting of the T4 and T triplets:

Ty*) T*) T3) TH)
HY Ay, O 0
HL> 0 0

H3 Ay

HE?

The diagonal elements are given by
H=E"—DT+24.8%,
Hi=EL—D L4 2E ST -3y,
H3=E*—D%+2E,S*+E,S /3,
H=E*—D°4+2E,S*—2E,S /3,
Hy*=H3*=E"—D"+2E\S* +v,

where E“ is the energy position of the conduction mini-
ma a; D% is the ionization of the donor level pinned to
this minima; v is the L-L valley-orbit interaction parame-
ter. S*=(S,,+2S,)0 and S~ =(S,,—S ;)0 are the
combinations of the elastic constants of the epilayer times
the biaxial stress 0. E,, E}, and a, are the hydrostatic
deformation potentials of the X, L, and I" minima, re-
spectively; E, is the tetragonal shear-deformation poten-
tial of the X conduction band. The movement of all elec-
tronic levels under the coplanar stress can be obtained
analytically as a function of all the parameters above.

The experimental energies correspond to differences
between electronic and acceptor energies; the influence of
the coplanar stress on the acceptor state has to be ex-
pressed. The acceptor problem under coplanar stress has
been treated by Freundlich, Neu, and Grenet!® using the
suitable envelope functions given by Baldereschi and
Lipari'® and also including the interaction between the
acceptor ground state and its excited state under stress.!”
The acceptor-state splitting &, of the m;==%] and

i
m ;=12 acceptor components is
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8,=b(1—4u*/5)S ~,

where b is the valence-band tetragonal shear-deformation
potential and u is a function of the Luttinger parameters,

u=(6y3—4y,)/57, .

The shifts of the effective-mass acceptor components are
given by

8EA¢1/2=20u5+_5A >

where a, is the valence-band hydrostatic deformation po-
tential. ET, E*, and ET are functions of the aluminum
concentration x,

ET=1519+1360x +220x2 (meV)
(see Ref. 12),

EX=EX(GaAs)+125x +143x2 (meV)
(see Ref. 18), and

EL=EL(GaAs)+642x (meV)

(see Ref. 18), with E*(GaAs)=E"(GaAs)+485+10 meV
and EXGaAs)=E"(GaAs)+310£10 meV."-*' The
choice of these composition-dependence laws has a non-
negligible influence on the values of donor ionization en-
ergy and coupling parameters which are fitting parame-
ters but will not affect the modulation ratio which mainly
depends on the interlevel splittings. Values of the donor
ionization energies DT, DX, and D fitted by Henning,
Ansems, and Roksnoer* using other composition-
dependence laws were 7, 70, and 122 meV, respectively.
The intervalley parameter Ap; cannot be measured in
this sample when the aluminum concentration is so im-
portant, due to the large splitting between ET and E*
and the consequent energy difference between line a and
line g. Henning, Ansems, and Roksnoer* measured 12.5
meV for Ay; from composition-dependence studies of the
transition energies. A reevaluation of the data of Hen-
ning, Ansems, and Roksnoer enables us to estimate v=30
meV; then using our spectroscopical data together with
D°"=7 meV (Ref. 20) and D° =70 meV (Ref. 22) we get
D% ~118 meV and Ay, =12.5 meV. These values differ
slightly from the data given in Ref. 4, except Ay, . They
have been obtained using an aluminum composition of
0.305 (such an accuracy is required by the calculation)
and taking a free-exciton Rydberg of 5 meV. We calcu-
late D; A=1905 meV, D, 4=1953 meV, D;4=1898
meV, and D, A =1780 meV, a series to be compared with
the energies of Table I. A calculation of the transition
energies using the proposal of Henning, Ansems, and
Roksnoer and v=32 meV and D% =122 meV gives com-
parable results but requires x =0.325 to properly locate
the energy position of the D, 4 transition. This illus-
trates the accuracy and the limits of the model.

In GaAs, values of —9 and —0.4 eV have been pro-
posed for the hydrostatic deformation potentials of the
zone-center conduction and valence-band deformation
potential,?® respectively. The pressure dependence of the
direct band gap of Gag,Aly;As is equal to 9.9
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meV/kbar;?* using a scaling argument we deduce
a,=—28.25 eV and a,=—0.37 eV in the alloy. From
earlier measurements of the pressure-induced redshift of
the (Ga,ADAs indirect I'-X band gap (~—1.34
meV/kbar),?>?% we deduce E 1=0.7 eV; a linear interpo-
lation between the GaAs (Ref. 21) and AlAs (Ref. 27)
values of E, gives E;,=6.5—1.4x. The deformation po-
tential E is not known accurately due to a large scatter-
ing in the literature.”® A value will be proposed at the
end of this section. For b, we take the GaAs data pub-
lished by Chandrasekhar and Pollak:?° —1.76 eV.

To go further, we can calculate the biaxial stress
dependence of all conduction levels for various values of
E'. Similar calculations can also be made for the accep-
tor level mutadis mutandis. The important point to out-
line at this stage concerns the magnitude of the level
shifting provoked in case of the biaxial stress: due to the
magnitude of o (~0.01 kbar), the energy shifts are al-
ways small compared to the width of the transitions; as a
consequence, although the stress lifts the degeneracy of
the acceptor level, such splitting cannot be resolved ex-
perimentally. We measure a contribution of all levels
weighted by a coefficient depending on the experimental
conditions. In the present case, where the propagation of
the incident photon occurs perpendicular to the plane of
the applied stress, i.e., for o polarization, the contribu-
tions of the m;,, and m,,, components of the acceptor
are in a ratio of 3—1. Then, the acceptor contribution to
the energy shift is given by

8E 4 =4OE 441, 30E 443, -

A similar effect also occurs for T, levels but X like, Y
like, and Z like have the same weight, the shear effects
cancel for T3 and T3, and we deal with the resulting
contribution.

The stress dependence of the D, 4 level equals 5.12
meV/kbar; then a ratio of 0.4760.009 between the slope
of D, A and the slope of D 4 can be obtained fitting E
to —4.99+0.07 eV. In terms of the widening of the band
gap under hydrostatic pressure conditions, this means
5.840.1 meV/kbar in the range of values quoted in the
literature for GaAs.!”?! Under biaxial stress, transition
D; A exhibits a slope of 2.21 meV/kbar while transition
D, A should shift at a rate of —1.72 meV/kbar. Modula-
tion efficiencies of 0.43 and —0.336 are expected for
these transitions. The modulation efficiency observed for
D; A was 0.46, in close agreement with the calculated
value. The D, A4 level is not observed, because the D,
level of the donor is resonant in the I conduction band.
The biaxial stress dependence of the photoluminescence
band of Gag ;Alj ;As can be accurately described by us-
ing an effective-mass description of the donor wave func-
tion.

We finally have calculated the modification of the fan
of these effective-mass electronic levels when
Gag ;Aly 3As is submitted to hydrostatic pressure. We
have ignored the influence of the pressure on the valley-
orbit interactions. We find D; 4 which is calculated to
behave strongly nonlinearly under hydrostatic pressure to
be a good candidate for the transition labeled D in Ref. 5
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rather than D, A which behaves quasilinearly under pres-
sure. The origin of the transitions labeled B and C in the
same paper are still mysterious; the possibility that they
correspond to another impurity cannot be ruled out.

IV. CONCLUSION

We have studied the photoluminescence and
reflectance properties of Gag,Al);1s:Si by means of
piezomodulation, wavelength-modulation, and photomo-
dulation spectroscopy. We could identify the lumines-
cence lines by their comparative behavior under piezomo-
dulation and wavelength modulation of the photo-
luminescence. The fan of energy levels observed could be
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accounted for with a multivalley expansion of the donor
wave function along the minima of the lowest conduction
band. Within this model, a value is proposed
for the I'g—Lg hydrostatic deformation potential
Ej: —4.99£0.07 eV.
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