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The low-temperature photoluminescence of GaAs,P;_,.:N (x <0.07) crystals has been studied

under selective excitation into the nitrogen-related exciton band (Nj).

The spectra consist of

several features whose relative intensity depends on the excitation energy. Excitons created on non-
transferring (terminal) states give rise to a sharp line (B'} 0.9 meV below the exciting-laser line. Ex-
citons in transferring states tunnel to lower-energy states by acoustic-phonon-assisted processes.
This results in broad phonon sidebands. We introduce a model for exciton transfer and fit both the
band shapes and their relative intensity. We thus find that the most probable tunneling process in-
volves single-phonon emission and that the dominant interaction mechanism between excitons and
zone-center acoustic phonons is the deformation potential. The fit to the experimental specira ex-
cited at various energies in the Ny band yields the ratio between the densities of transferring and

terminal states.

1. INTRODUCTION

The band of 1S excitons bound to impurities in alloy
semiconductors is inhomogeneously broadened, reflecting
the distribution of exciton binding energies.""?> This dis-
tribution is due to thé random potential fluctuations pro-
duced by the local configurations of atoms around the im-
purity centers. It has been well established that excitons
can tunnel between the localizing impurity sites. This
gives rise to a shift between the absorption band and the
luminescence band at low temperatures, as was first dis-
cussed by Mariette, Chevallier, and Leroux-Hugon3 for
excitons bound to nitrogen in GaAs,P,_, (Ny band).
Time-resolved experiments {in the subnanosecond range)
confirmed that tunneling takes place,4 5 and led Kash® to
propose that it ceases when the exciton is trapped on a

terminal state (where it can only recombine within its ra-.

diative lifetime). The density of terminal states (which
are a subgroup of the total density of nitrogen-bound ex-
citon states) has been measured’ by selective excitation of
luminescence and resonant Raman scattering for
GaAs, P, _,:N.

In the present study we address ourselves to the energy 7

dependence of the tunneling within the N, band in
indirect-gap GaAs,P,_, (x <0.07). The analysis of 2
series of selectively excited luminescence spectra indi-
cates that the tunneling is accompanied by the emission
of acoustic phonons. These are mainly zone-center pho-
nons which interact with the exciton by the deformation
potential (DP). An additional contribution comes from
TAy phonons. While the spectral shape of the densities
of N-bound excitons and the subgroup of terminal states
were previously determined,’ to obtain their relative mag-
nitudes we need an analysis of the tunneling processes.
The paper is laid out as follows. Section II describes

the experimental procedure and results, Sec. I1II describes
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the model for exciton tunneling within the N band and
the comparison between the calculated and observed
spectra. A summary and comparison with other semi-
conductor alloys is given in Sec. I'V.

II. EXPERIMENTAL PROCEDURE AND RESULTS

Two bulk GaAs,P;_, crystals were studied. One,
with x=0.02, was doped with nitrogen to a level of about
107 cm™2. The other, with x=0.07, was nominally un-
doped but contained background nitrogen impurities at
an estimated concentration of 10'® cm™3. Luminescence
spectra were excited with a dye laser, havmg a linewidth
of 0.12 A. The laser 1nten51ty 1mp1ng1ng on the sample
did not exceed 0.1 W/cm? The emission spectra were
monitored with a double monochromator havmg a reso-
lution of 0.05 A. The crystals were immerséd in pumped
liquid He. Figure 1 shows the transmission spectrum of
the GaAsg ,Pgos crystal. Also shown is its photo-
luminescence spectrum excited above the band gap. The

Ny band and its acoustic- and optic-phonon sidebands

are typical of all indirect gap GaAs,P,_,:N crystals.>?
Figures 2 and 3 show a series of photoluminescence spec-
tra (solid lines) which were selectively excited into the N
band. In each series the exciting-laser intensity was kept
constant and the spectra were drawn so that their relative
intensity was preserved. There are three distinct spectral
features (which we analyze in the following section). Just
below the exciting-laser line is the B’ line which is the ra-
diative recombination of N-bound excitons in the J=2
state. These were resonantly excited into their J=1 state
(the 4’ and B’ lines are split by AE ,53=0.9 meV). The
band denoted FF is due to excitons which have tunneled
from the resonantly excited states while emitting a low-q
acoustic phonon. The band denoted Ny is due to a simi-
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FIG. 1. The transmission and luminescence spectra of
nitrogen-doped GaAsg ¢2Pg.93. The luminescence was cw excited
at 2.35eV.
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FIG. 2. Luminescence spectra of GaAs g,P; 9a:IN selectively
:xcited within the Ny band (solid curves). The gain in all spec-
tra is the same. The results of the calculations detailed in Sec.

III are shown in dashed curves. N} denotes transfer assisted by °

TAx phonons.
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FIG. 3. Same as Fig. 2 but for GaAs; ¢7Pg 93 (nominally un-
doped).

lar process but the emitted acoustic phonons are from the
Brillouin-zone edge (TAy ).

II1. MODEL AND DISCUSSION

According to our present understanding’®~’ of N-
bound excitons in GaAs,P;_ ., an exciton selectively
created at an energy E, (within the Ny band) can be ei-
ther in a terminal or in a transferring state. (A schematic
description is shown in Fig. 4.) An exciton in a terminal
state with E, will recombine radiatively with a lifetime
Tg. The probability of it tunneling out of a terminal state
within 75 is negligible. At the same energy E, there are
states from which the exciton can transfer into lower-
energy states E,, while emitting an acoustic phonon (at
T=0). The tunneling rate is given by’

Am

JZ(R ) IM(Eab) } 2.](‘(E'ab )p(Eb)
ab

Wb=
R E}y

, (1)

E,=E,—E,, J(R,,) is the overlap integral between the
two exciton sites separated by R,,, f(E,,) is the pho-
non density of states at energy £, , and p(E, ) is the den-
sity of excitonic states. The form factor of the
exciton—acoustic-phonon DP interaction is given by'©
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TABLE 1. The parameters used in calculating the

exciton—acoustic-phonon interaction. ‘ '
GaAs,P,_,
GaP GaAs x=0.02 x=0.07

€. /€, —1.38% —1.322 —1.38 —1.38
. V,(10° cm/s) 6.342° 5.142°¢ 6.318 6.258
V,(10° cm/s) 3.748° 3.027° 3.734 »3.698
e 0.60¢ 0.70° 0.6 0.6
m, 't my
ap (A) 40° 72¢ 33+4 33+4

*D. L. Camphausen, G. A. Nevill-Connel, and W. Paul, Phys.
Rev. Lett. 26, 184 (1971).

states: p(E), solid curve; p'(E), dashed curve. Also shown are *R. Weil and W. Groves, J. Appl. Phys. 39, 4049 (1968).

the dynamic processes which the exciton undergoes in a
transferring and a terminal state. The spectrum on the right
shows the B' line and FF band, which are observed under selec-
tive excitation.

| MPP) | =S e, ey, 2 @

2g vy _
g =E,, /hv, is the wave vector of the emitted zone-center
acoustic phonon and v, is its velocity. €, is the (averaged)
conduction-band DP (g, is the corresponding one for the
valence band). g is the crystal density.

—2
mye.qap

2My

ae’,,= [1—'—

where m, (m,) is the electron (hole) effective mass, My is

the exciton translatory mass, and ap is its Bohr radius.
For piezoelectric interaction (PE) between the exciton

and the zone-center acoustic phonon, the form factor is°

2 I

€4 (ae—a;, 2. 4

e | f14
2gqu,

PE 2_
| M*(q) | .

¢4 is the piezoelectric coefficient. The parameters used
in the calculations detailed below are summarized in
Table I. Those for the alloys were interpolated from the
values reported for GaAs and GaP. Since the exciton in-
teracts mainly with LA phonons via the DP, and mainly
with TA phonons via the PE interaction, we take the cor-
responding sound velocities in Egs. (1) and (4).

Now, the exciton can tunnel between transferring
states until it is trapped on a terminal state. We describe
these dynamic processes by considering the rate equa-
tions for the probabilities P,(z) and P,(¢) of finding the
exciton on a transferring state (¢) or on a terminal state
(f) at time £

-—— “These are the effective-mass values.

°S. Adachi, J. Appl. Phys. 58, 871 (1985).

4G. Beni and T. M. Rice, Solid State Commun. 23, 871 (1977);
~ P. Lawaetz, Phys. Rev. B 4, 3460 (1971).
The value quoted for
GaAs, P, _, is obtained by our fit to the data. -

dPp(1)  Ps() c W p ‘
di — - + % bf f(t), (5
(Ey>Ep)
dP,(t)  P,(2)
dt - TR
—-C

> Wat X Wi |[P(2)
b f

(E, >E,) (Ea>Ef)

CHC S Wi P1). ©6)
b

(B, >E,)

The constant C contains all the common factors which
appear in the previous equations, so that it actually mea-
sures the tunneling rate in units of 7z !. In writing rate
equations for the probabilities P,(¢) of finding the exciton
in a state with a given energy E, we make the simplifying
assumption that E,, and R, are uncorrelated (“micro-
scopic disorder”). This means that W,, dependence on
. E,;, comes only through the variation of MPF and M*E
with E,.

There are two densities of exciton states in the set of
coupled-rate equations (5) and (6): the density of all N-
bound exciton states p(E) and that of terminal states
p'(E). We know their spectral shapes from absorption
measurements [which yield p(E)] and from the energy
dependence of the B’ line intensity and resonant Raman
scattering by LOy phonons [which yield p(E)]. p(E)

TABLE II. The Gaussian parameters of the nitTogen-bound exciton densities of states.

= o

Mean p ' Mean p' Ap'
x (eV) (meV) (eV) {meV) 3
0.02 2.306:£0.001 6.910.7 2.302+0.001 5.4+0.5
0.07 2.271+0.004 C15%) 2.269+0.001 10.0+1
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FIG. 5. (a) A comparison between the measured FF band
and that calculated by solving the set of coupled-rate equations.
{b) The same spectrum with a fit obtained with the spectral
shape of the deformation potential interaction form factor.

and p'(E) are approximated by Gaussians’ with parame-
ters given in Table II. Their ratio

m= [ p(E)IE / [ p"E)E

will be determined by the fit to the experimental data.

. Our goal is to calculate the spectral shapes of the series
of spectra shown in Figs. 2 and 3 with a single set of pa-
rameters. Due to the computational complications intro-
duced by such a problem, we first solved the set of Egs.
(5) and (6) to fit a single spectrum obtained by selective

i

. —1
I(E,E)= [fp'(E')dE'] p"(E})B(E —(E,—AE ;3),05)

p(E})—p"(E})
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p'(E)

excitation into the Ny band. Figure 5(a) shows an exam-
ple of such a fit to the FF band. The separate contribu-
tions of the terminal and transferring states to the emis-
sion intensity are shown in the figure. It is clear that the
contribution of transferring states to the luminescence in-
tensity is negligible. From the values of parameters
which gave the best fit it became clear to us that (1) most
of the tunneling occurs through the DP coupling mecha-
nism, and (2) the transfer rate C is very fast in compar-
ison with the inverse radiative lifetime* (Cr, > 10%),
which is equivalent to only one phonon-assisted exciton-
tunneling process. In other words, excitons created by
selective excitation into a subset of transferring states and
tunnel directly to terminal states by emission of zone-
center acoustic phonon give rise to the FF band. The
above conclusions allow to greatly simplify the calcula-
tion procedure. There is essentially no need to solve the
coupled-rate equations. In Fig. 5(b) we present such a fit
using the simplified approach. It can be seen that al-
though this fitting procedure required only one free pa-
rameter, the exciton Bohr radius ag, no considerable de-
gradation in the fit quality is observed. We obtained a
value of 33+4 A for this parameter in excellent agree-
ment with Leroux-Hugon and Marriete!! who obtained a
value of 32 A by fitting the transfer rates of excitons
bound to nitrogen in heavily doped GaP:N. We would
like to remark also that the fit was extremely insensitive
to the parameter €, /¢,.

Using the above approximation we now turn to calcu-
late simultaneously the spectral shapes of the series of
spectra shown in Figs. 2 and 3. In considering this larger
spectral range one has to take into account yet another
transfer mechanism, namely, zone-edge phonon-assisted
exciton tunneling into lower-energy terminal states. This
mechanism manifests itself in the line denoted N and it
evolves tunneling of excitons into lower-lying states by
emitting zone-edge transverse-acoustic (TA,) phonon.
While we know the explicit dependence of the exciton-
phonon interaction on the phonon wave vector ¢ for
zone-center acoustic phonons, we do not known it for
TAy phonons. We, therefore, describe their contribution
to the transfer processes by a Gaussian function denoted
Ny(E). The parameters defining this function are the
mean TAy-phonon energy (#wr,) and the width of this
band. Both are obtained by the fitting procedures.

The explicit expression used for the fluorescence inten-
sity at photon energy E when selectively excited into the
Ny band at energy E, is given by

+[N(EN]!
JIp(E")~p"(EN]AE’

[p(E"GE"

[FPYME, —E)4n,F ™ E, —E)+1,Ny(E,—E)] (7)

in Eq. (7). We denote by B(E,0 ) the line shape of the B’ line: a Gaussian centered at E and width of o 5. The nor-
malized spectral shapes of the DP interaction form factor are given by

DP 2
FDP(Eb): |‘M (Eab)l ,
“ [ IMPME,) | ME,,
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TABLE III. The parameters obtained from the best fit to the selective excitation luminescence spec-

tra. .

X ™ ) M . (fiwra) A1a
0.02 6.0+2.2 0.01+£0.01 2.7+1.3 17.0+3.0 7.1£2.8
0.07 7.0+3.0 18.6£2.2 7.6+3.0

0.07:0.07

and a similar expression for FFE,

3.9x+1.4

7, is the ratio between the two interactions coupling strengths and 7, is the TAy cou-

pling strength relative to DP couphng strength at q~0 The function N (E;) is an overall normalizing factor for all

three types of tunneling processes A

N(E)= [ mdE | [ IFOME )+ 0aF PN ~ E)+ Ny (B — EV]p'(EME ©

Note that the two exciton densities of states are intro-
duced normalized.

We have fitted all the spectra shown in Figs. 2 and 3
with the parameters given in Table III. We must note
that for excitation energies into the lower part of the Ny
band (the two lowest energies in Figs. 2 and 3), the TAy
phonon sideband is due to phonon-assisted radiative
recombination and not to tunneling followed by emission.
The reason is that {#iwp,) is larger than the width of

p(E). Therefore, these sidebands have not been included
in the model fitting.
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FIG. 6. The transferring (broken curve) and terminal (solid
curve) density of exciton states obtained by fitting the series of
luminescence spectra shown in Figs. 2 and 3 for GaAs,P;_,
with x=0.02 and 0.07, respectively.

' B
Several conclusions can be drawn from this fit. (i) For

- tunneling assisted by zone-center phonons (FF bands),

the main contribution comes from the DP interaction
(1,~0). (ii} The FF bands have a comparable intensity to
the Ny bands. Yet the density of zone-center acoustic
phonons is much smaller than that of zone-edge phonons.
Therefore, the exciton DP interaction with zone-center

. phonons is much stronger than that with zone-edge pho-

nons. (iii) The fit yields 1; ~6-7, which is comparable to
that obtained by Kash®, namely, 71,~15. Figure 6 shows

~ the appropriate densities of states for the two crystals.

IV. SUMMARY

In this study we describe a model for the tunneling
processes of excitons bound to N impurities in
GaAs, P _,. The model is based on the existence of
transferring and terminal excitation states and on the en-
ergy dependence of the exciton-acoustic phonon interac-
tion. Using this model we calculated the spectra obtained
by selective excitation into the Ny band. An adequate fit
is obtained both for the spectral shapes and for the rela-
tive intensities of the observed B’ line which results from
excitons created on terminal states and the bands which
are due to exciton tunneling. These results, together with
the direct measurement of the density of terminal states’
and the radiative decay curves,*> provide a comprehen-
sive understanding of exciton dynamics in indirect-gap
GaAs,P,_.. In particular they show that the most prob-
able transfer process involves single-phonon emission,
and they determine the relative abundance of transferring
and terminal states. '

It should be noted that the mechanism of exciton trap-
ping into terminal states may account also for some un-
resolved problems in direct-gap CdS,Se;_,.>!* In these
crystals, multiple-phonon-assisted tunneling processes
have been observed. Under pulse excitation the decay
curves were nonexponential. This observation may
reflect a distribution of transfer rates into terminal states.
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