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Radiative and nonradiative recombination of bound excitons in GaP:N.
III. Reverse tunneling of bound excitons
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%e investigate the features of the low-temperature luminescence spectra of GaP:N under the
high-density selective excitation of excitons bound to NNI isoelectronic traps. The mechanism of
the bound exciton tunneling from deep traps to shallow ones is discussed and the tunneling proba-
bility is derived. Luminescence dynamics analysis supports such a tunneling model.

I. INTRODUCTION

The bound-exciton tunneling effect in nitrogen-doped
GaP and other III-V compound semiconductors has been
studied for many years. Many features in low-
temperature luminescence spectra have been well inter-
preted with this effect. ' To our knowledge, all of these
studies investigated the tunneling process from shallow
nitrogen or nitrogen-pair traps to deep nitrogen-pair
traps, which plays an important role in both excitation
and decay processes, under band-gap excitation or selec-
tive excitation of shallow traps.

Measuring the low-temperature luminescence spectra
of GaP:N under high-density selective excitation of the
excitons bound to the deepest NN, traps, we observed a
new luminescence phenomenon, which was interpreted as
due to the bound exciton tunneling from deep traps to
shallow ones. This tunneling process obviously affects
the luminescence spectrum under certain conditions.
This result is supported by further study as we shall
present below. Our present work contributes to the un-
derstanding of the dynamics of the excitons bound to
isoelectronic traps and the interaction between crystal
lattice and bound excitons.

In Sec. II, we present our experimental results. The
tunneling mechanism and probability are discussed in
Sec. III. Finally, we conclude in Sec. IV.

(Nd: YAG) was used as the excitation source. The wave-
number range of the dye laser is from 17650 to 18030
cm '. Focused, the dye laser can easily reach the power
density as high as 3 X 10 W/cm . With the Spex Indus-
tries double grating monochromator and boxcar
averager, the luminescence spectra were plotted and
recorded by a microcomputer.

To investigate the excitation mechanism of the exci-
tons bound to NN, (i=3,4, 5, 6) and isolated-nitrogen
traps under the condition of the selective excitation of the
excitons bound to NN, traps, we carried out the experi-
ment measuring the excitation spectrum of NN3 excitons
which gave the strongest luminescence except NN, exci-
tons. At 9 K, monitoring the luminescence of NN3 exci-
tons, the excitation spectrum was produced by scanning
the excitation laser from 18030 to 17 650 cm ', as shown
in Fig. 2. Although we cannot see the contribution of the
direct absorption of NN, excitons to the luminescence of
NN3 excitons in this experiment because the wave num-
ber of our dye laser cannot reach the range of the direct
absorption of NN, , which is around 17610 cm ', the
spectrum is important to our interest. The excitation
peak at 18 012 cm ' and the energy of NN& exciton plus
an intrinsic LO phonon of GaP crystal
(17610+402 cm ') coincide exactly. This means that
the excitation of NN3 excitons originates from that of
NN, excitons and the interaction between the bound ex-

II. EXPERIMENT

At low temperature (10 K), under the high-density
selective excitation of the excitons bound to NNl traps,
we observed the 1uminescence of the excitons bound to
shallower nitrogen traps as shown in Fig. 1. There ap-
pears in the spectrum the luminescence of the bound ex-
citons with higher energy than that of laser photons of
excitation, i.e., the luminescence of the excitons bound to
NN, - (i =3,4, 5, 6) and isolated-nitrogen traps and of free
excitons.

The samples used in our experiment are the liquid-
phase epitaxial (LPE) GaP:N layer whose nitrogen con-
centration is 1 X 10' cm . The sample was mounted on
a copper plate in a cryogenic system and the sample tem-
perature can reach as low as 8 K. A dye laser pumped
with pulsed neodymium-doped yttrium aluminum garnet
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FIG. 1. Luminescence spectrum of GaP:N. Excitation wave
number is 17850 cm '. Excitation density if 2X10' W/cm'.
Temperature is 10 K.
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FIG. 2. Excitation spectrum of the luminescence of NN3 ex-
citons. Temperature is 10 K. FIG. 4. Temperature behavior of the luminescence of NNl

and NN& excitons.

citons and the crystal lattice. As we will discuss in Sec.
III, it is the direct evidence that the tunneling of the
bound excitons from deep traps to shallow ones may
occur under certain conditions.

Figure 3 shows the luminescence decay curves of NN,
excitons and NN3 excitons. The temporal width of the
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excitation pulse is 7 ns and the repetition rate is 15 Hz.
Fitted with the formula derived in the next section, the

experimental results support the tunneling mechanism
model, which will be depicted in detail in the next sec-
tion.

We also determined the temperature dependence of the
luminescence of NN& and NN3 excitons in our experi-
rnent. Figure 4 shows the luminescence intensity sample
temperature relations. These relations are the same as
that under normal band-gap excitation conditions. As we
will see below, these results are reasonable.
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FIG. 3. Decay curves of the luminescence of (a) NNl and (b)
NN3. Dots are experimental results, lines are results from dy-
namics analysis.

There are several possible ways in which bound exci-
tons may decay. They include radiative transition with
or without phonon emission, nonradiative transition by
multiphonon emission, nonradiative transition by the
Auger effect, tunneling of a bound exciton to another im-
purity center with or without phonon assistance, tunnel-
ing of the hole of a bound exciton to an ionized acceptor
of neutral donor, thermal emission of the hole, of the
bound exciton as a single entity or of both the hole and
electron as free particles, etc.

Since the Auger effect requires a nearly third particle
to which the energy of the bound exciton transfers, and
since in pure samples such a third particle is not present,
the nonradiative transition by the Auger effect is inopera-
tive. To the excitons bound to nitrogen traps, the bind-
ing energy between the isoelectronic trap and the bound
electron is much smaller than that between the bound
electron-trap complex and the hole of a bound exciton
[for the isolated nitrogen trap, the former is only 0.6 meV
and the whole binding energy is about 20 meV (Ref. 4}],
so the tunneling of the whole exciton to another center is
more favorable than that of the hole to another center.
At low temperature, the thermal emission of the hole, the
whole exciton, or both the hole and electron as free parti-
cles is also inoperative. Thus, the decay mechanism of
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the excitons bound to nitrogen traps consists of the radia-
tive transition with or without phonon emission, the non-
radiative transition by multiphonon emission, and the
tunneling of the whole bound exciton to another nitrogen
trap with or without phonon assistance.

Under our selective excitation condition, only NN, ex-
citons are originally excited by laser. After excitation,
the NN& excitons decay in the above three ways. On the
other hand, the other nitrogen traps which have a smaller
binding energy cannot be excited by laser or by reabsorb-
ing the emission light of NN& excitons. The excitation
mechanism of nitrogen traps other than NN, traps is the
tunneling of the whole exciton from NN, trap with pho-
non assistance, as the excitation spectrum of the lumines-
cence of NN3 excitons shows in Sec. II. The existence of
the mechanism of bound-exciton tunneling with phonon
assistance which allows excitons to migrate down to
lower-energy traps has been demonstrated by time-
resolved experiment. Such a transfer is reasonable for
the fact that the nitrogen pairs that dominate the emis-
sion under normal band-gap excitation condition account
for less than 1% of the total nitrogen content.

In insulated materials, the tunneling effect caused by
dipole-dipole interaction is usually responsible for energy
transfer. The tunneling occurs over a distance of about

0

10 A. But in the GaP:N, the average distance between a
nitrogen trap and its nearest-neighbor nitrogen trap is
much larger than this value. Assuming a random distri-
bution of nitrogen atoms and continuum approximation,
for our sample, the concentration of NN, is about
4 X 10' cm and the probability that a NN, trap has a
nearest isolated nitrogen trap over the distance of 54 A is
the largest. Due to the very large spatial extent of the
wave function of the excitons bound to isoelectronic
traps, the exciton tunneling in GaP:N may occur over a
considerably large distance. ' Since isoelectronic traps are
partly formed by the distortion of the GaP crystal lattice,
the excitons bound to these traps have a strong interac-
tion with the host lattice. The tunneling from deep traps
to shallow ones accompanied by the absorption of pho-
nons is reasonable. If the excitation is sufficiently strong,
this process should be observable in the luminescence
spectrum. Because the average distance between a NN&

trap and another nitrogen-pair trap is about 2 orders of
magnitude larger than that between a NN& trap and an
isolated nitrogen trap, only the tunneling from NN, traps
to isolated nitrogen traps is of importance.

The probability of the tunneling from NN, traps to N
traps can be expressed as

In3 n3 +P'n
dt .3

(2)

ln ~

dt

n„
+p)nij

where n ~, n 3, and n „are the number of excitons bound
to NN, , NN3, and N traps, respectively. ~, , ~3, and 7„
are the luminescence lifetime of NN, , NN3, and N traps,
respectively. P, is the probability of tunneling from NN,
traps to N traps, and P3 is that of the tunneling from N
to NN3 traps. After an excitation pulse ends, the dynam-
ic processes of NN~, NN3, and N levels can be described
as follows:

P1

P3 P3

P1

NN3

NN1

tunneling probability, we consider the dynamic processes.
Being relatively weak, the luminescence of the excitons
bound to all nitrogen traps other than isolated nitrogen,
NN ] and NN3 traps are eliminated. Thus, we have a
rather simple dynamic model as shown in Fig. 5.

Although we used the high-excitation-density laser to
excite samples, there is no plasma or other high-density
carrier phase produced because of the small absorption
coefficient. The high-excitation-density laser is used only
to create sufficiently large number of NN, excitons to
make the tunneling process from NN& traps to N traps
observable in the luminescence spectrum.

Because of the high excitation density, it can be as-
sumed that the NN, level has been excited to a steady
state whenever the excitation pulse starts. During the
period that the excitation pulse lasts, the generation rate
of NN, excitons G is always the same as the decay rate of
NN

&
excitons. To the N level, there exist two processes:

tunneling from the NN& level and radiative and nonradia-
tive (include tunneling to all other nitrogen trap levels)
transitions. The same is true for the NN3 level as shown
here:

n&O=G—

P(R ) =Poexp( —2R /a ),
R1

"'R~
1itR3

where R is the distance between the center of the NN&
trap and the nearest isolated nitrogen trap, a is the
effective exciton radius, which is a combination of the ra-
dii of NN, exciton and N exciton, constant Po is typically
about 10" sec ' for the tunneling from shallow traps to
deep ones, while a is taken 32 A.

To compare with experimental results and to obtain

FIG. 5. Dynamic model of GaP:N under selective excitation
of NN, level. Nitrogen trap levels other than N, NN&, and NN3
are excluded due to their relatively weak luminescence.
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(3)

suit is supported by experiment. Figure 4 shows the
temperature-dependence relations of the luminescence of
NN, and NN3 excitons under the selective excitation of
NN, excitons. These results are not very accurate be-
cause of the weak luminescence at higher temperatures,
but they show the tendency clearly.

IV. CONCLUSION

where P', is the probability of the tunneling from the N to
NN, level. All the P (i =1,2, 3, . . . ) is simply included
in 1/w„.

From Eq. (2), we get the numbers of NNt, NN3, and N
excitons at the moment that an excitation pulse ends.
These are used as the initial conditions for solving Eq. (3).
In this way, the luminescence decay curves are derived.
Fitting these curves with experimental results as shown
in Fig. 3, we get ~& =120 ns, F3=105 ns, ~„=400 ns, and
P0=5.9X10 sec '. The values of these lifetimes are
consistent with the earlier work. Po is about 3 orders of
magnitude smaller than that for the tunneling from shal-
low traps to deep ones, but it is much larger than the to-
tal probability of the radiative and nonradiative processes
of the NN, level. So the tunneling process can be ob-
served in the luminescence experiment only if the excita-
tion has a sufficiently high density and the lasting period
of the excitation pulse is long enough in addition to the
high nitrogen concentration. Under the condition of the
band-gap excitation or selective excitation of shallower
traps, it is because the tunneling from shallow to deep
traps overwhelms the reverse tunneling process that the
reverse tunneling process does not cause noticeable
change in luminescence spectra.

In Eq. (3), we notice that the decay processes are the
same as that under the condition of band-gap excitation
or selective excitation of isolated-nitrogen traps. This re-

In Gap:N, the tunneling of bound excitons from shal-
low nitrogen traps to deep ones plays an important role
in the excitation transfer. We show that there also exists
the reverse tunneling process from deep traps to shallow
ones. As this reverse process is much weaker than the
former process, only the tunneling from shallow traps to
deep ones is observable and the reverse process can be
omitted under the condition of the normal band-gap exci-
tation or selective excitation of shallow traps. Under the
high-density selective excitation of deeper traps, this re-
verse process plays an important role in the excitation
transfer and becomes observable in the luminescence
spectrum. Taking this into account, the dynamics
analysis satisfies experimental results well.

In short, there exist the tunneling processes both from
shallow to deep nitrogen traps and from deep to shallow
ones. Although the probability of the latter process is
much smaller than that of the former one, the tunneling
from deep nitrogen traps to shallow ones is still observ-
able under certain conditions.
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