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Stochastic transfer of excitations and exhancement of the NN -pair luminescence in GaP:N
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We present a stochastic model of exciton transfer in a dilute system and solve the master equations. For
GaP:N, this model accounts for the experimental features of the steady-state luminescence spectrum:
enhancement of NN -pair lines with N concentration, dependence on temperature and on excitation inten-

sity.

There is currently considerable interest in the use of sto-
chastic methods' to discuss the transfer of excitations in
partially disordered systems. An example is the spectral dif-
fusion in luminescent materials. 2 4 This phenomenon oc-
curs when, owing to the disorder, (i) energies of the
luminescent centers are distributed on a continuous or
discrete spectrum (inhomogeneous broadening) and (ii) ex-
citations are able to migrate from center to center before
recombining. The connection with stochastic methods' is
obvious: The migration of excitation corresponds to a ran-
dom walk with a random distribution of hopping probabili-
ties.

This Rapid Communication is aimed to present a stochas-
tic model accounting for the enhancement of the lumines-
cence associated to NN pairs in GaP. A nitrogen impurity
in GaP binds an exciton and this bound state may be altered
by the presence of nearby nitrogen impurities. Besides the
narrow line associated with an isolated nitrogen center (the
A line), lines at lower energies have been identified in the
luminescence spectrum of GaP and attributed to discrete
pairs NN~, NN2. . . up to NN~O. Time-resolved experi-
ments have demonstrated the existence of a transfer
mechanism by phonon-assisted hopping which allows the
excitation to migrate down to lower-energy pairs. Based on
this mechanism, the model quantitatively accounts for the
importance of the luminescence coming from the NN
pairs, even at low N-doping concentration (e.g. ,
N, = 3 x 10'7 cm 3) and for the N-concentration dependence
of this luminescence enhancement. This agrees with a
series of new experimental data specifically devised to test
the model. Moreover, the model allows us to make quanti-
tative predictions regarding the temperature dependence of
the luminescence spectra and its nonlinear dependence on
excitation intensity, which are borne out by our experi-
ments.

When studying the migration of an excitation on a lattice,
I

one is generally interested in the quantity p„(t), the proba-
bility that an excitation created at time zero on the site zero
will be at time t on the site n. On a disordered lattice, the
calculation of p„(t) implies performing configuration aver-
ages. The dilute character of the problem in hand allows
us to replace configuration averages by averages over the
distances of the nearest neighbors. These kinds of averages
are most useful in other problems of dilute impurities in
semiconductors, namely, magnetic susceptibility or infrared
absorption. However, in a transfer problem, one needs to
consider at least the two nearest neighbors of a given
center, the associated probabilities being introduced in the
master equation. Another feature of our problem is that
the energy distribution and the one of hopping probability
are not independent but both depend on the probability dis-
tribution of the nearest neighbors.

The probability m& for a N center to have its first neigh-
bors at a distance r & r~ & r +Sr and its second one at
rp & r2 & rp+ 5 rp is given, ' for rp & r, by

r +Sr i rp+Srp
rr, = (4mN, )2 dr~ dr2r~ r$ exp—

Q rp
N, r)

where N, is the total nitrogen concentration. The concen-
tration N, of such an i center (corresponding to a triplet
NN Np configuration) is NI= rr, N, and we assume its ener-

gy to be given by

Ei=Ep AE(r ) —AE(fp) (2)

where pp is the energy of the isolated center and b, e(r) is
taken from the experiment on NN pairs. The concentra-
tion n& of bound excitons at energy e~, n&

= N fI is the solu-
tion of the master equation:

dn = G, — —g y n;NT „exp-
dh

+yN;(1 —f;) g n„

—CN& g r„exp( —2pr„) $ f&(1 —fr) exp(5&) J(j,v) + C g Nj X r„exp( —2pr„)fj(1 —f~) exp(8&, )J(j,v) . (3)
a, p J @~a,p
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In this expression, 6; accounts for the optical generation
of excitons at energy e;. For N-bound excitons, there is no
other decay channel than the radiative recombination one"
specified by '7g;. rtt depends on ~; as r~&= Ctt(&1 &r)
eq being the energy of the I minimum of the conduction
band and Ctt taken from the direct experiment. '2 In (3) the
third term accounts for the thermally activated transfer of
an exciton from a bound level at ~& to the free-exciton band
at e„or to the electron-hole band at ef. NT „= 2(27r m„'ks T/h')3 ' is the free-exciton (p, = x) or the
electron-hole-pair (p, = f) density of states. In absence of
transfer between N centers, this third term is responsible for
the quenching of the luminescence. " The fourth term in

(3) is the reverse of the third one and accounts for the gen-
eration of exciton at ~; either from the free-exciton or from
the electron-hole band (y is a constant). The fifth term in

(3) specifies the exciton transfer from an i triplet to a j one.
Wtt= Cr~&exp( —2prj) exp',~, corresponds to the phonon-
assisted hopping mechanism. ' Owing to the detailed bal-

ance requirement, ' g J
= (e;—e, )/ks T for e; & ej and 5 J

= 0
otherwise. The function J(j,v) is nonvanishing only if the
center j is the first (v=n) or the second (v=p) neighbor
of i; $&J(j,v) =1.

Finally, the last term in (3) accounts for the reverse
transfer from j to i. One may also take into account, in an
average way, transfers from or to more distant neighbors.
Should one define for r a set of discrete values (for the
pairs NN& to NN~p) plus a set of average values for the
more distant pairs and the same set of average values for

r&, then, through (1) and (2), m; and e; are specified (we
have neglected configurations like NN~Nt). The lumines-
cence of a discrete pair line NN will be obtained by adding
contributions of all the triplets NN Np which have their first
neighbor at the distance r . The system of equations (3) is

supplemented by two equations which give the evolution of
populations in the free-exciton band and in the electron-
hole one.

We have not introduced any other deep traps'5 which may

play a role. For the sake of simplicity, we have neglected
the J= 1,J= 2 splitting and restricted our discussion to the
temperature range where the luminescence is dominated by
the J=1 line. We have also neglected the phonon replica.
The master equations are solved for the steady-state regime
(dn, /dt =0). At low excitation, they are linearized by put-

ting 1 —f, =1. This allows one to calculate the quantities
Il~/Ts t which are proportional to the luminescence intensity.

Most of our samples were epitaxially grown by liquid-

phase epitaxy using an ammonia-hydrogen mixture above
the melt to achieve the nitrogen doping. It is important to
have a precise determination of the N-doping level in the
epilayer: this is obtained by performing on each sample
low-temperature-optical absorption measurements from
which the N concentration can be deduced. ' In most of the
experiments to be reported, luminescence was excited above
the band gap. However, we have also studied the lumines-
cence under excitation on the 2 line, with a tunable dye
laser. As regards the T and N dependence of the lumines-
cence, we did not observe any significant differences
between both types of excitations; this observation is borne
out by calculations. In addition, excitation spectra, detected
on, e.g. , the NN~ line, were also recorded. The temperature
was varied between 1.8 and 80 K and the power was
changed from 0.1 to 20 mW (corresponding to a power den-
sity of about 1 W/cm2).
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FIG. 1. (x ) Experimental transfer ratio R, corresponding to the

luminescence intensity of the A line compared to that of all the ex-
citonic lines due to nitrogen ( —) calculated transfer ratio.

Typical luminescence spectra were observed with no evi-
dence of emission originating from other impurities: (i) at
low-N concentration ( = 10'6 cm 3) the luminescence spec-
tra are dominated by the A line and (ii) for concentration
larger than 10' cm spectra are completely due to the NN
lines. As pointed out in Ref. 6, the change in the statistics
of NN pairs cannot explain this quenching of the 2-line
luminescence for N, ) 10'8 cm . This is confirmed by the
absorption and luminescence excitation spectra which, at
these concentrations, are still dominated by the A line.

At low N„most of the configurations are such that

Ei = Eo and Cr„e xp( —2prv )rtt 0 & 1. At higher concentra-
tion, though the probability of configuration with e& & eo

stays low, the transfer term becomes important,
Cr2 exp( —2pr, )rtt 0) 1, i.e., the majority of excitons
created at energy ~0 transfer and recombine at lower ener-
gies. At low temperature, when upward energy transfers are
negligible, one may estimate as a function of N„ from equa-
tion (3) the ratio R, n=pTtt 0/(g; tt;rtt ) where no is the ex-
citon concentration at the A line energy. R, varies rapidly
between 0 and 1 for 3x10' & N, & 10' cm (Fig. 1).
This experimental variation is well accounted for by using in

solving (3) p = 32 A and C = 3 x 1023 sec ' cm 2, we note
that this value of p is close to the one given in Ref. 6 but
that Cr& is lower than coo in Ref. 6. This steady-state result
is a strong evidence for the importance of the transfer
mechanism in Gap:N.

From Eqs. (1) and (2) we have also calculated the absorp-
tion spectrum, proportional to Xt/v

hatt

and accounted, in

agreement with experiment, for the differences between ab-

sorption and luminescence spectra in the concentration
range 3&10 7& N, & 3&&10"cm

Let us now turn to the temperature dependence of,
respectively, the A line and the NN -pair lines; some of
them are displayed on Fig. 2(a). Noticeably, in the tem-
perature range 5 & T & 40 K, intensities of all the NN -pair
lines exhibit some variations with T, like an increase rather
than a monotonic decrease. ' ' These interdependent varia-

tions come about from the presence of two mechanisms in

the transfer processes. On the one hand, for e&) ~&, the
transfer i j is partially balanced by the transfer j i, as T
increases, so the downward energy shift is less important.
On the other hand, higher-energy lines are quenched [see
the third term in (3)), while the lower-energy lines are not,
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FIG. 3. Excitation intensity dependence of the luminescence in-
tensity of A, NN5, and NN~ excitonic lines at 5 K.
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and, owing to the fourth term in (3), the free-exciton band
and the electron-hole band redistribute excitons within the
lower-energy configurations thus enhancing their lumines-
cence. The full calculation (lower curve in Fig. 2) accounts
for the features of the experiment: namely, (i) the A line is
quenched for T & IS K, (u) the NNi-line intensity does not
change much in the whole temperature range, and (iii)
intermediate-energy pairs are quenched at temperatures
which scale with their binding energies. We have used a
unique constant y ', i.e., we have neglected any dependence
of the capture cross section on the nature of either the ini-
tial or the final state. Finally, the system of equations (3)
being nonlinear, one expects that, under strong excitation,
transfer towards low-energy pairs for which (1—f,) ( 1 will

be less efficient, i.e., that the intensity of the corresponding
lines will tend to saturate while the A line will increase

FIG. 2. Temperature depencence of the luminescence intensity of
some excitonic lines due to nitrogen.

linearly with the excitation intensity (or faster than linearly).
This specific effect is experimentally observed (Fig. 3), in
fair agreement with the calculation.

To summarize, we have presented a stochastic model of
exciton transfer which, for the first time, accounts quantita-
tively for the giant enhancement of the lower-energy lines
in the GaP:N luminescence spectrum, i.e., for the delocali-
zation of N-bound exciton on the timescale ~~ 0. As
transfer probabilities depend on both energy and distance
(variable range hopping), the model accounts for the tem-
perature dependence of transfer efficiencies. Finally, the
model would allow one to deal with other experimental as-
pects of the spectral diffusion (e.g. , time dependence) or
with other partially random systems (e.g. , GaAsi „P„:N).

Note added in proof. We are pleased to mention related
work on exciton transfer which was published when this
work was in proof [J. A. Kash, Phys. Rev. 8 29, 7069
(1984)].

We are very grateful to M. Sturge, J. Chevallier, M. Ros-
so, and D. Paquet for useful discussions, and to J. F. Rom-
meluere and V. Thierry-Mieg for assistance in all the optical
experiments.
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