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Radiative and nonradiative recombination of bound excitons in GaP:N.
I. Temperature behavior of zero-phonon line and phonon sidebands of bound excitons
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The temperature behavior of zero-phonon lines and phonon sidebands of bound excitons is care-
fully studied. In the very-low-temperature range, the internal transition between exciton 4 and B
causes a decrease in the luminescence intensity of zero-phonon lines with decreasing temperature.
In different temperature ranges, the different activation energies indicate that the thermal quench-
ing of bound excitons consists of three mechanisms: the ionization of the free exciton, the escape of
the hole, and the debinding of the whole bound exciton. We also develop a model for the com-
ponents of phonon sidebands to explain the fact that the thermal quenching of the phonon side-
bands does not have the same temperature behavior as the corresponding zero-phonon lines.

I. INTRODUCTION

The absorption and emission due to excitons bound to
the isoelectronic impurity nitrogen (N) and/or nitrogen-
nitrogen pairs (NN;, i=1,2,3,...) in GaP:N have been
studied since the 1960s by many authors.! ~® As the con-
centration of nitrogen is high enough (typically up to 10"
cm ™), the photoluminescence of GaP:N is mainly due to
the radiative recombination of excitons bound to a nitro-
gen atom on the phosphorus site with another nitrogen
atom on the nearest phosphorus shell, NN, then has a ni-
trogen on the next-nearest phosphorus shell, and so on.

The temperature dependence of the photoluminescence
in GaP has been studied by different methods. Sturge,
Cohen, and Rodgers’ measured the photoluminescence
efficiency, as a function of temperature, of excitons bound
to N and various N-N pairs. Excitons bound to a partic-
ular center were excited selectively with a tunable dye
laser, and their procedure was to pump in the no-phonon
line and monitor the temperature dependence of the in-
tensity of the phonon sideband. Therefore, the phonon
sidebands were considered to have the same temperature
dependence as the no-phonon bands in their work. They
pointed out that below 100 K, the photoluminescence
from excitons bound by less than 40 meV was found to be
thermally quenched by the escape of an exciton as a
whole and that from excitons with a binding energy of 40
meV or more was quenched by the thermal excitation of
a free hole.

Chang (Zhang), Hirlimann, Kanehisa, and Balkanski*
measured the integrated intensity of no-phonon lines and
phonon sidebands in GaP:N by using the above-band-gap
excitation and found experimentally, for the first time,
that the temperature behavior of the phonon sidebands
was quite different from that of no-phonon lines, and the
ratio of intensity between them could be strongly depen-
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dent on temperature. They came to two main con-
clusions. First, the thermal ionization of the exciton
from the impurities gave the most important contribution
to the quenching of no-phonon lines when the tempera-
ture was high enough. The fact that the activation ener-
gies were very close to the corresponding binding ener-
gies of excitons supported this idea. Secondly, the
quenching of various phonon sidebands was specific to
the exciton-phonon coupling regardless of the excitons
with different binding energies, considering that all the
phonon sidebands had almost the same activation energy.

In our opinion, if the temperature behavior of no-
phonon emission bands and phonon sidebands is
different, the temperature dependence of the phonon side-
bands should not be considered as that of corresponding
no-phonon lines. On the other hand, if the quasiequilibri-
um is not established between bound excitons, free exci-
tons, and free particles, the above-band-gap excitation
method should not be used, as pointed out by Sturge
et al. In addition, there are several questions left to be
answered, such as the mechanism of thermal quenching
of bound excitons, the migration or tunneling of bound
excitons between different NN pairs, the origin and char-
acter of phonon sidebands, etc. Hence, it is necessary to
study the temperature behavior and the character of
zero- and one-phonon bands more carefully in both ex-
periment and theory.

First of all, the different temperature behavior between
no-phonon lines and phonon sidebands has not yet re-
ceived much attention. It was just this result that made
us consider that the phonon sideband consists of two
components, multiphonon process in direct transition
and phonon-assisted momentum-conserving indirect
recombination (called the two-component model).” For
the former, the thermal quenching usually influences the
zero- and one-phonon bands in the same manner. Then,
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in the latter case, it is not unreasonable to consider that
zero- and one-phonon bands should not depend on the
temperature in the same manner. Consequently, the
zero-phonon line and the corresponding phonon side-
bands show different temperature behavior.

We have studied the luminescence properties of GaP:N
in a much larger temperature range, up to 165 K, and
with much higher excitation power, up to 10® W/cm?,
and paid more careful consideration to the kinetic
analysis, the origin, and the character of phonon side-
bands. We shall report our new experimental results and
theoretical calculations about these in a series of papers,
labeled papers I, II, III, and IV.

Based on the fact that in a different temperature range
the activation energy for the thermal quenching of zero-
phonon lines has different values, we conclude that bound
excitons are quenched by three kinds of mechanisms: the
ionization of free exciton, the escape of hole, or the es-
cape of the whole bound exciton, as discussed in the
present paper (hereafter, paper I). We point out, in paper
11, that the observation of free excitons and the nonlinear
relationship of emission intensity versus excitation power
are considered to be due to the inverse transfer of bound
excitons from deeper N-N pairs to shallower ones. The
proof of the existence of the inverse transfer is given in
paper III. We believe that such a kind of inverse transfer
is a phonon-assisted back-tunneling of bound excitons.
We have also compared the kinetic processes both under
selective excitation and above-band-gap excitation. Pa-
per III shows that the temperature behavior of the
luminescence of excitons is the same for both excitation
conditions. The special attention is paid to the origin and
the line shape of phonon sidebands. In paper IV, based
on our two-components model for the formation of pho-
non sidebands mentioned above, we calculate the LO-
phonon sideband of excitons bound to NN and explain its
double-peak structure and abnormal temperature behav-
ior observed in previous experiments (see paper I). Also,
we inquire further the physics mechanism of back-
tunneling of bound excitons (see paper III) which
influences the kinetic processes of bound excitons and is
related to the two-component model about the formation
of phonon sidebands.

II. EXPERIMENTAL

The experimental method for measuring the tempera-
ture dependence of zero-phonon lines in relatively low
temperatures (shown in Fig. 1) is described in Ref. 4. In a
much larger temperature range, up to 165 K, we have
carefully studied the thermal behavior of photolumines-
cence of excitons in GaP:N where the nitrogen concen-
tration ranges from 5X10'7 to 7X10'® cm ™3, GaP:N is
placed in the Cryogenic refrigeration system in which the
temperature is available to regulate continuously within
the range 10—-300 K. The excitation source is the 488-nm
line of an Ar laser and the spectrum is recorded and pro-
cessed by a microprocessor.
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FIG. 1. Temperature dependence of intensity of lumines-
cence due to NN;, NN, and NN; in GaP:N.

III. RESULTS AND DISCUSSION

A. A-B transition temperature behavior of zero-phonon lines

It is well known that the isolated nitrogen or nitrogen-
nitrogen pairs bound exciton in GaP has two substates
(J=1,2) from which the radiative emission is labeled A4
and B lines, respectively. The exciton recombination
from the substate 4 (AJ=1) is allowed and that from B
(AJ=2) is normally forbidden, but, in reality, is partially
allowed due to the asymmetry of the luminescence
centers. As a result, the zero-phonon line consists of
lines A and B. In a previous work, the contribution of
transition from A4 and B to the total intensity of the
zero-phonon line was studied.® It was found that in
GaP:N the integrated emission intensity of N-N pairs
bound excitons passed through a maximum in the tem-
perature range 5-40 K, as shown in Fig. 1, which is re-
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printed after Ref. 4. By studying the temperature depen-
dence of the ratio of the intensity of B and A lines (cf.
Fig. 2 in Ref. 4), we believe that a thermal quasiequilibri-
um between the substates 4 and B was established in the
temperature range 7 <40 K. At lower temperatures, the
exciton trapped at the substate B (exciton B) had a rela-
tively greater contribution to the intensity of zero-
phonon lines, and the redistribution of the population of
exciton 4 and B should cause the intensity ratio of lines
A and B, and also the total intensity of 4 and B lines, to
change with temperature. We know that the lifetime of
exciton B is much longer than that of exciton 4. It is
likely that the excitation energy of bound excitons can be
transferred to other centers when it is in the substrate B
due to its longer lifetime. Therefore, the efficiency of
luminescence due to exciton B is lower than that of exci-
ton 4. That is why as the temperature is low enough, the
intensity of the zero-phonon line is decreased with the de-
crease in temperature. The kinetic analysis was carried
out in another previous work.’ Figure 2 shows the kinet-
ic model for proposed radiative and nonradiative process-
es. The meaning of notations in the figure are given as
follows: N, concentration of nitrogen; n,, density of free
excitons; n, and ng, population of bound excitons
trapped at substate 4 or B; G, generation probability of
free excitons; p , and pg, probability of capture of free ex-
citons on substate A4 or B; p; and pg, probability of es-
cape of bound excitons from substate A or B into free ex-
citons; T 45 and Ty ,, probability of nonradiative transi-
tion from A4 to B or from B to A, respectively; Wy , and
Wrp, probability of radiative transition AJ=1 (A4) or
AJ=2 (B); Wy, and Wy, rate of nonradiative energy
transfer from substate A4 or B to other centers; Wy, and
W rng, probability of thermal quenching of exciton A4 or
B, respectively:

Wi =Woe E, ,/kT ’

Wong = Woe E,p/kT ’
where E, , and E_p are the activation energy of thermal
quenching for exciton 4 or B, W, is constant, called a
frequency factor, Wy, probability of radiative recombina-
tion of free excitons; W), probability of nonradiative
recombination of free excitons,

Wy =W,e —E o/kT ,
where E,, is the activation energy of thermal quenching
for free excitons and W, is a constant which is supposed

J

—AE, /kT
1(T)= B 3e
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FIG. 2. Kinetic model for proposed radiative and nonradia-
tive processes.

to be equal to the frequency factor of exciton A4 or B;
AE;, energy difference between substates A4 and B.
The rate equations were written as follows:

dng, n,+ng ,
TZG_—”O(PA +PB) 1__-‘— +nAPA
+nBP§—n0(WR+WN) ’
dn , n,+ng ,
'—_d-t_=n0PA 1_—_—N_ _nAPA
—n (Wt Wiyt Wiy ) +tngTp,—n,Typ,
(1)
dng n,+ng ,
7=IIOPB I—T —ngPp

—ng(Wrp+Wrng+Wing)—npgTp+n,T,p .

We supposed that the quasiequilibrium of the substates A4
and B was established. On solving the rate equation (1),
we derived the following formula, which described very
well the temperature dependence of the zero-phonon line
of bound excitons:

+5a

~Eqo/kT | 5 —BE; /KT

(14B+ de ="

1+Ce

where E_j and E, were the activation energies of thermal
quenching for free or bound excitons, respectively, the ra-
tio of radiative recombination probability of exciton B to
that of exciton 4 was a=Wpgg /Wy ,, and the ratio of
the probability of nonradiative energy transfer of excitons

)+5(a+B+ Ae

—E, /kT) ’ 2)

I

A or B to that of radiative recombination of exciton A
was

B=Wins/Wra=Wing/Wgy -
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A, B, and C were parameters and C was nitrogen concen-
tration dependent. The calculated I versus T curves with
Eq. (2) are also given in Fig. 1. The values of a and B
have the order of magnitude of 0.01 and 0.1, respectively.
These values imply that in the low-temperature range
(T <40 K) the decrease of luminescence efficiency is due
to the nonradiative energy transfer from bound exciton B
to other centers, or say, due to the long lifetime of the ex-
citon B as mentioned above.

B. Exciton transfer of multicenters
and thermal quenching of zero-phonon line

As discussed above, when GaP:N is excited with the
method of the above-energy-gap excitation, first, free
electrons and free holes are simultaneously created in the
conduction band and in the valence band, respectively.
Due to the interaction between electron and hole, the
complexes of electron-hole pairs, or free excitons, are
formed. Free excitons, in the first place, may give contri-
bution to the luminescence by way of radiative recom-
bination (see paper II), and in the second place may be
deexcited into the ground state by way of nonradiative
transition. On the other hand, free excitons can be cap-
tured by impurities, such as nitrogen or nitrogen-nitrogen
pairs, and then become bound excitons, i.e., nitrogen or
nitrogen-nitrogen pair trapped excitons. Under the con-
dition of low temperature and certain excitation power,
there exists the A-B transition and their mutual exchange
in the inner part of each center, which produces a non-
negligible influence on the exciton luminescence as dis-
cussed in Sec. I. In the meantime, the exciton tunneling
plays an important role in the exciton transfer from the
shallower centers to the deeper ones. It should be point-
ed out that because temperature must affect, on a large
scale, the redistribution of population of excitons, for in-
stance, bound excitons escape thermally from the impuri-
ty center and move around as free excitons that may be
recaptured to be bound excitons trapped by the other
centers. Hence, the exciton population has been changed
due to the thermal ionization of excitons. From this
point, the luminescence character of excitons must be as-
sociated with temperature.'® As temperature increases,
the thermal transfer and tunneling transfer of excitons
have a greater effect on the luminescence. In a higher
temperature range, besides the A-B transition of excitons
in the same center, the exciton tunneling and thermal
ionization transfer among many centers should also be
specifically taken into account. In short, bound excitons
have two ways to go; the first is the radiative recombina-
tion giving out luminescence, and the second is the non-
radiative transition through which the energy of a bound
exciton can be conveyed, including tunneling and thermal
ionization transfer. Because of spectrum overlapping at
higher temperature, we only choose NN, trapped exci-
tons as an object to study. We are sure that a lower tem-
perature, the thermal quenching of bound excitons may
result from the A-B transfer of bound excitons and/or
the ionization of free excitons with less binding energies.
The latter is equal to reducing the number of generating
excitons. In mid-temperature range, the escape of the

hole from the bound exciton whose binding energy is
larger than 40 meV is dominant in the luminenscence
quenching, and the bare electron is left at ion site to re-
capture another hole forming a bound exciton or to an-
nihilate, accompanied with the thermal ionization of the
free exciton and the whole bound exciton. Around
higher temperature, apart from the thermal-quenching
processes as mentioned above, the thermal ionization of
bound exciton as a whole is mainly devoted to the
thermal quenching. This idea will be supported by the
experiment and dynamic calculation. The experimental
results are shown in Fig. 3.

To derive conveniently dynamic equations, we do not
consider the A-B transition of excitons. Depending on
the analysis given above, our dynamic model can be
drawn as shown in Fig. 4, whose notations are defined as
follows (some of them are listed in Sec. I): Wz and Wy,
probability of radiative and nonradiative transition of
NN; trapped excitons; W;;, transfer probability from
NN; to NN; (i > j); N;, concentration of NN, centers.

The dynamic rate equations are written as

dng n; ,

—‘1I—=G_no§Pj 1_7\,'7 +§n1PJ—nO(WR+WN),
(3)

dn; n; ,

?=n0 I—Fi P,—n,P/—n (Wi +Wy)

n; n;
+ 2 anji I—Fi‘ - 2 n,-W,-j 1——'N"' .

j(>i) i(<j) j

Then, the emission intensity can be derived and simplified
to be!!
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FIG. 3. Temperature dependence of Y [Y=B/I(T)—1].
The values labeled on the figure represent the activation ener-
gies measured from the slope.
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FIG. 4. Dynamic model for GaP:N considering the exciton
transfer among multicenters.

Iw, = [B+ 3 Inn PAT)
Jj(>i)

/(1+Ae'E5”‘T), (@)

where E! is the activation energy of thermal quenching
of NN; trapped excitons, both 4 and B are a constant,
and P;(T) represents the transfer rate of NN,.
S ,-)INNI P;(T) is so small that it can be put out of con-
sideration when the temperature is high enough. Thus,
the emission intensity is

—El/kT

INNI_:B/(1+A9 )- (5)

For the several processes of thermal quenching, Eq. (4)
becomes a common expression:

(B S Iy P | 1= dge

Inn, It p

Much attention has been paid to the thermal quenching
of luminescence of NN,. We used formula (6) to fit the
thermal-quenching curve and found that the fit values of
the possible activation energies are very close to that
measured directly from the temperature dependence of
luminescence of NN, in Fig. 3. It is evident that the
thermal-quenching curve in Fig. 3 consists of three pro-
cesses corresponding, respectively, to the lower middle,
and higher temperature range. We notice that both fit
and experimental activation energy approach, within ex-
perimental error, the binding energy 21+4 meV (Ref. 11)
for the free exciton, 40 meV (Ref. 2) for the hole, and 143
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meV for the NN bound exciton. Therefore, we believe
that in a different temperature range the mechanism of
the thermal quenching is quite different, at least consist-
ing of three parts, the thermal ionization of the free exci-
ton into the free electron and hole, the escape of the hole
away from the bound exciton, or the debinding of the
bound exciton as a whole into the free exciton.

C. Thermal quenching of phonon sidebands dependence
on the exciton phonon coupling

In Ref. 4, Chang et al. pointed out that all the phonon
sidebands in GaP:N have the same activation energy and
the quenching of them is thus specific to the exciton-
phonon coupling regardless of the excitons with different
binding energies. This is the first observation of the
different behavior between the no-phonon bands and the
associated phonon sidebands. Unfortunately, not enough
attention has been paid to this experimental finding. We
think it is necessary to represent one most important re-
sult of Ref. 4 in this paper, that is, the temperature
dependence of integrated intensity of zero-phonon bands
NN; and one-phonon sidebands NN¥, as shown in Figs. 5
and 6. The different temperature behavior between zero-
and one-phonon bands is obvious. After the data pub-
lished in Ref. 4, we have measured the thermal-
quenching activation energy of one-phonon sidebands for
various samples with different nitrogen concentration and
obtained their values from 50 to 60 meV. These values
are gathered in Table I.

We suppose that this character of phonon sidebands
comes from the two-component formation of phonon
sidebands (see paper IV). As we shall discuss in paper IV,
the phonon sideband consists of the multiphonon process
in direct transition and phonon-assisted momentum-
conserving indirect recombination of bound excitons.
For the former, the theory of Huang and Rhys tells us
that the ratio of the probability of radiative transition of
zero- and one-phonon bands can be characterized by a
parameter almost independent of temperature.'? There-
fore, in this case, the zero- and one-phonon bands should
show the same temperature behavior. But for the latter,
we can image the thermal quenching of phonon sidebands
to be the inverse process of phonon-assisted momentum-
conserving indirect transition. As a result, the thermal
quenching of phonon sidebands depends strongly on the
exciton-phonon coupling and has no relation to the bind-
ing energy of the bound exciton. The activation energy
of 50—-60 meV is very close to the phonon (LO or nitro-
gen local mode) energy. This fact supports our sugges-
tion mentioned above.

TABLE I. The thermal activation energies of one-phonon sidebands.

Activation energy of one-phonon sidebands

(meV)

Sample
(nitrogen concentration)
NN
7X10"® cm~3 57+4
5x10"7 cm™? 55+5

NN?*
59+4
5745




41 ... RECOMBINATION OF BOUND EXCITONS IN GaP:N. I. ...

T (K)
100 50 30 20

10 v T v

6aP:N

(#):3x10% 3

I (arb. units)

1 1 1 L ) .
1 2 3 4 5
1021 «hH

FIG. 5. Dependence between integrated intensity and 1/T
for no-phonon lines.

IV. CONCLUSION

In the low-temperature range (T <40 K) the decrease
of the luminescence efficiency is due to the nonradiative
energy transfer from bound exciton B to other centers.

According to the fact that the activation energy for the
thermal quenching of zero-phonon lines has different
values in different temperature ranges, we conclude that
in the thermal quenching of bound excitons there are
three kinds of mechanisms: the ionization of free exciton,
the escape of the hole, or the debinding of the whole
bound exciton. From the result that thermal quenching
of phonon sidebands depends strongly on the exciton-
phonon coupling regardless of the binding energy of
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FIG. 6. Dependence between integrated intensity and 1/T
for phonon sidebands.

bound excitons, we suppose that such a behavior comes
from the two-component formation of phonon sidebands,
i.e.,, multiphonon process in direct transition and
phonon-assisted momentum-conserving indirect recom-
bination. The latter is attributed to the different temper-
ature behavior between phonon sidebands and zero-
phonon lines.
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