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%e have observed radiative recombinations of excitons bound to different nitrogen-pair com-
plexes in GaAs by applying hydrostatic pressure. The samples investigated have relatively high ni-

trogen concentrations and were grown using a chloride method. By carefully tuning the pressure,
we can not only make the NN; pairs (1 ~i ~ 10) appear successively in the band gap of GaAs and
then become the major exciton recombination channel, but also change the binding energy of these
levels. A study of thermal quenching of the radiative recombination of excitons bound to a center
with different binding energies due to different pressures shows that the quenching mechanism
changes from the thermal excitation of the whole exciton when the binding energy is small, to the
excitation of the hole when the binding energy of the exciton is greater than that of the hole. A
pressure-tuned thermal-state-selection method is developed from the thermal quenching properties.
It artificially selects the state to be thermally quenched and is similar to below band-gap excitation
or selective excitation spectroscopy. However, it can be applied to a defect the concentration of
which is too low for a resonant excitation, as is the case for the GaAs:N samples here. The
exciton-phonon coupling strength in GaAs:N is observed to increase slightly with binding energy,
and, in agreement with the pressure dependence of NN; energy levels, indicates an increase in the
localization of the nitrogen exciton trap potential. The exciton-phonon coupling factor is observed
to be independent of temperature.

I. INTRODUCTION

Because of their physical and technological interest,
excitons bound to isoelectronic traps in semiconductors
have been studied extensively. ' Among the known
cases, excitons bound to nitrogen traps in GaP have at-
tracted the attention of researchers ' and have played a
very important role in our everyday life, for instance, in
light-emitting diodes. This has led to a persistent search
for nitrogen traps in GaAs over recent decades. Howev-
er, in spite of the dominant role played by nitrogen in
GaP and the extensive efForts to observe these states in
GaAs, it was not until 1982 that any radiative recombina-
tion due to nitrogen was reported in GaAs. Wolford
et al. ' studied N-doped GaAs under hydrostatic pres-
sure and identified the excitonic recombination due to
isolated nitrogen N„. More recently, the observation of
the rich NN, . complexes of nitrogen in GaAs has also
been made possible by (i) epitaxial growth of sufficiently
heavily doped GaAs:N and (ii) pressure tuning of the
energy-band structure of the GaAs host relative to the
excitonic states, allowipg each of the different complexes
to appear, successively, in the recombination spectra.

In both the well-studied case of Gap:N (Ref. 8) and the
newly discovered case of GaAs:N, doping with N gives
rise to characteristic radiative recombinations, of exci-
tons bound not only to isolated nitrogen (N„) but also to
pairs of nitrogen atom (NN, ), where i =1,2, . . . , in or-
der of increasing pair separation. Up until now, two
main models have been proposed for the exciton binding
mechanism in nitrogen-doped GaP. One suggests that
the exciton is bound as a single entity mainly by the

strain introduced by the nitrogen atom. ' The other (the
so-called Hopfield-Thomas-Lynch model), however, pro-
poses that the central-cell potential of the isoelectronic
trap, Nz, attracts an electron, after which the defect, as a
"quasiacceptor, " captures a hole. Many experimental
results, especially those of deep NN; centers, seem to
favor the latter model. ' In this study, we investigate
the exciton binding mechanisms through the study of ex-
citon thermalization. Thermal quenching processes of
the luminescence of the exciton bound to these NN; corn-
plexes have thus been studied under different hydrostatic
pressures. Nitrogen-doped GaAs provides a unique
means of investigating the binding mechanism of excitons
bound to this kind of isoelectronic traps, because (i) due
to the deep-level-like behavior of nitrogen traps, the bind-
ing energy (Fb) of difFerent levels can be tuned by hydro
statically applied pressure and (ii) the state studied can
be selected while other higher-energy nitrogen-pair states
are still resonant in the conduction band, thus providing
a clean background with a low spectral overlap. If a
similar study were to be attempted in alloys of varying
composition, the separation of defect and alloy phenome-
na would be complicated. Our results for NN, centers at
different binding energies under different hydrostatic
pressures show that their thermal binding energies (E, )

increase with increasing binding energy below about 20
meV, while for greater values of binding energy, E,
remains constant. This means that the luminescence
from bound excitons is thermally quenched by the escape
of the exciton when Eb & 20 meV and by the escape of the
hole (with a Coulomb binding energy of about 20 meV)
for Eh &20 meV.
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From these thermal quenching results, we developed a
"pressure-tuned thermal-state-selection" method which is
somewhat similar to below band-gap excitation or selec-
tive excitation spectroscopy, however, it has its own ad-
vantages. It can be applied to a defect with a very low
concentration for which a resonant excitation is very
difficult, as the GaAs:N samples studied here. This
method is believed to be applicable to more general cases
for reducing background and resolving peaks in a heavily
overlapping spectrum.

Although nitrogen in GaAs, P alloys seems to give
rise to exciton recombination with an exciton-phonon
coupling which is highly dependent upon the binding en-

ergy of the state, ' an investigation of the Huang-Rhys
factor (S) of NN, exciton recombination in GaAs:N un-

der different hydrostatic pressures shows only a slight in-

crease in exciton-phonon coupling with increasing bind-
ing energy. This, together with the discussion of a
temperature-independent S factor for the NN3 line at a
certain pressure, is illustrated in Sec. III of this study. In
the following, a description of the materials investigated
and the experimental methods is given in Sec. II. The
main results are presented and discussed in Secs.
III A —III D. Finally, the results are summarized in Sec.
IV. In order to avoid reproducing published results, the
reader must consult Ref. 20 to fully grasp the material
presented below.

II. MATERIALS AND EXPERIMENTAL METHODS

Our crystals were grown in a halide vapor-phase epi-
taxy system using different levels of NH3 inlet pressure
as the doping source. The nitrogen concentration ob-
tained varied with the NH3 Aow rate and the deposition
temperature, and could be up to 6X10' cm as detect-
ed by secondary-ion mass spectroscopy and infrared (ir)
measurements. As far as we know, no one has ever
reached such high concentrations. Thermodynamical cal-
culation shows that the maximum solubility of nitrogen
in GaAs should be less than 10' cm, and predict nitro-
gen concentrations of about 10' cm in GaP in growth
from solution, i.e., close to equilibrium. ' The reason
for this large discrepancy in concentration between the
theoretical prediction and experimental values in our case
of GaAs:N is most probably due to surface kinetic con-
trol of growth and, hence, nitrogen impurity incorpora-
tion during the chloride growth, allowing a much higher
concentration than that predicted by the solubility limit.

For hydrostatic pressure measurements, substrates
were removed by lapping to final sample thicknesses of
about 30 pm. The samples were then cleaved into about
100X100 pm dies and loaded into a gasketed diamond-
anvil cell (DAC) of the Merrill-Bassett type. Argon was
used as the pressure-transmitting medium, resulting in

hydrostatic pressure conditions. In thermal quenching
measurements, different temperatures were obtained by
passing cold exchange helium gas through the sample
volume. In order to guarantee that the temperature mea-
sured is close to the true sample temperature, a carbon
resistor was mounted on the DAC close to the sample po-
sition, with a good thermal contact. Photoluminescence

(PL) was measured in a forward scattering geometry us-

ing the focused 5145-A line of an Ar laser as a source of
excitation. Excitation densities were typically 10
%/cm . The signal was dispersed by a 0.75-m double
monochromater and detected in a GaAs photomultiplier
and photon-counting equipment. The donor-bound exci-
ton recombination peak of GaAs with a pressure
coefficient of 10.73 meV/kbar (Ref. 25) was used for pres-
sure calibration and no corrections were made for the
spectral response of the system, which is known to vary
only slowly in this wavelength region.

III. RESULTS AND DISCUSSION

A. Nitrogen-pair luminescence

It has been established that excitons bound to nitro-
gen pairs of different separations in GaAs give rise to
efficient radiative recombinations if these nitrogen energy
levels are made to appear in the band gap. For an over-
view of the observed nitrogen-pair luminescence, we
show in Fig. 1 how the nitrogen-pair lines appear succes-
sively in the PL spectra of GaAs:N under the application
of hydrostatic pressure. Special attention should be paid
to Figs. 1(d) and 1(f): a comparison of Fig. 1(d) with the
lower-energy PL spectrum region of GaP:N (Ref. 16) (see
the inset of Fig. 1) allows one to suggest that the new
lines are originated from nitrogen pairs; the observation
in Fig. 1(f) of a rich spectrum of sharp lines very similar
to the higher-energy PL spectrum region of GaP:N in the
inset makes it evident that we are observing nitrogen-pair
luminescence in GaAs:N.

Some more points are presented below for the observed
nitrogen-pair bound exciton luminescence.

(i) A strong luminescence peak (compared with the
weak peak about 12 meV on its low-energy side) in Fig.
1(a) of the atmospheric pressure spectrum is labeled NN, .
However, a conclusion drawn by Schwabe et al. to
their spectra of zero-field and Zeeman splitting of this
line was that the center investigated had a C3„point-
group symmetry, in contrast to C2, point-group symme-

try for the NN, oriented in a & 110) direction. A com-
parison of the spectra of zero-field and Zeeman splitting
of the NN, line in GaP:N (Refs. 8 and 27) with those of
this line in GaAs:N (Ref. 26) is shown in Fig. 2. It is ob-
vious that in GaAs:N this peak actually has the same pat-
terns as those of NN, in GaP:N, a defect oriented in the
& 110) direction. This supports our assignment of the
defect to the NN, state.

(ii) All the NN, pair energy levels exhibit deep-level-
like pressure dependence. They do not follow any par-
ticular conduction-band minimum under the application
of hydrostatic pressure; this is true even when the levels
are resonant in the conduction band, making it possible
to push them into the band gap and change their binding
energies by applying hydrostatic pressure. Their pressure
coefficients range from 3.5 meV/kbar to 5 meV/kbar
(Fig. 2 in Ref. 20). When the state appears close to the
band edge, it is about 5 meV/kbar, decreasing continu-
ously to 3.5 meV/kbar as the state leaves the band edge
and becomes further displaced from the I conduction-



7506 X. LIU, M.-E. PISTOL, AND L. SAMUELSON

GaAs:N 1.5 K
[N)= Sx1017 cm-3

2LO

LQ
Nx

25.5 kbar 4LO
TA

20.5 kbar

I

775
I I

755

I I I

785 765 745
N44- LO

725 705
ONE

=) r

I I I

735 " 7I5

I

z
UJ

16.0 kbar

(e) TA Ot-

z
hl
O
CO
LUz

LLI

I

GaP:N4g K

(N)=1019 cm-3

z
IN) g LO TA

Lg TA

I I I

580 560

I

840

800
I I I

780 760 740

NN)

NNq
NN3 Dt-

11.2 kbar

540

I

820 800
NNi

8.0 kbar

I I I

780 760

I

850

I I

875

I

6I60

~'jJ, I

I I I I I

I I I I I

KA~O 6120

I I I

770

&.0 kbar

0 kbar

(a)

WAVELENGTH (nm)

FIG. 1. Photoluminescence spectra of nitrogen-doped GaAs at dift'erent pressures. For clarity, the NN; peaks are aligned in con-
secutive spectra. The spectra consist of zero-phonon transitions, together with replicas of these lines resulting from coupling to
momentum-conserving TA (transverse acoustic) and LA (longitudinal acoustic) phonons and configuration coordinate coupling to
LO {longitudinal optical) phonons. In the inset, the atmospheric pressure spectrum of nitrogen-doped Crap in Ref. 16 is shown.
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FIG. 2. Comparison of the zero-field and Zeeman-splitting
observed for the NN& line in GaP:N and GaAs:N observed at
atmospheric pressure. Curves (a) and (b) are for the NN& line in
GaP:N in Refs. 8 and 27, respectively. Curve (c) is for the 1.508
eV line in GaAs:N in Ref. 26. The bars below the values of the
magnetic field are energy separations of 0.5 meV corresponding
to each of the patterns.

band minimum. This behavior is in qualitative agree-
ment with theoretical results for the energy-level shifts
with alloying or pressure for this type of isoelectronic de-
fect with very localized potentials. However, the pres-
sure coefFicient of a perfect deep level should be indepen-
dent of the changes of the conduction-band minima. Due
to the deviation in the behavior of a real nitrogen defect
from a perfect deep level there is a decrease in the pres-
sure coefficient with increasing pressure for each level
and this is explained as follows. When, in reality, such a
defect is close to the I conduction-band minimum, al-

though it is still an exciton trap with a short-range large-
momentum transfer potential, with its behavior affected
by the Bloch states of the conduction band throughout
the Brillouin zone, its pressure dependence may reflect a
preference for the I conduction-band minimum in k
space even though the Brillouin-zone center contains
only about 1% of the conduction-band density of state.
Since the I" conduction-band minimum moves with pres-
sure at a higher rate (10.73 meV/kbar) than those of L
and X minima (5.5 meV/kbar and —1.34 meV/kbar, re-
spectively }, the defect would then show a higher pres-
sure coefficient when it is close to the I conduction
minimum. As the state becomes deeper, however, the
electron wave function near point I plays a less impor-
tant role and the pressure dependence of the defect mani-
fests itself as a mixture of that of the host band structure
from a11 k space, thus slowing down the rate at which the
energy level shifts with pressure.

(iii) PL excitation measurements were carried out for
the nitrogen-pair luminescence. This was intended for
the investigation of the acceptorlike excited states of a
hole in the Coulomb field of an electron tightly bound to

the nitrogen-pair defect, especially for the case where the
binding energy of a nitrogen-pair level is over 20 meV.
As will be presented in Sec. III B, 20 meV exciton binding
energy is the onset of the acceptorlike binding of a hole in
an exciton bound to NN, pair defects in GaAs. Howev-

er, the measurements were not quite successful due to the
extremely weak signal resulting from too low nitrogen-
pair concentration in the sample for a resonant excita-
tion.

B. Thermal quenching mechanisms

(NN +X)~NN +X (with rateWN„, ),

(NN +X)~NN +h (with rateWNRz) .

(2a)

(2b)

These processes [(2a) and (2b)] represent the thermal
emission of a free exciton and of a free hole, respectively.

The thermal quenching process offers a good method
of investigating the dissociation channel of excitons
bound to nitrogen traps, thus serving as a probe of the ex-
citon binding mechanism. It has therefore been inten-
sively studied in N-doped GaP and Ga(As, P) alloys.
Sturge et al. ' measured the photoluminescence
efficiency as a function of temperature and drew the con-
clusion that the quenching mechanism for each N or
NN; center in GaP at low temperature was the thermal
excitation of either a free exciton or a free hole, whichev-
er had the lowest binding energy. This agrees with their
luminescence excitation results which they observed the
hole excited states for deep NN; pair centers in GaP:N.
However, Zhang et al. ' achieved an almost linear rela-
tionship between activation energy and binding energy
for different NN, no-phonon lines, and concluded that
the escape of free excitons from NN; centers made the
most important contribution to the quenching. The
different results of these two groups were analyzed' due
to the energy transfer from shallow to deep NN; centers
in the high N concentration sample (3 X 10' cm }, re-
sulting in larger activation energies observed in the latter
group. In our GaAs:N samples, however, this difficulty is
efficiently overcome not simply because the nitrogen con-
centration is much lower (5 X 10' cm ), but we can
make shallow NN; states resonant in the conduction
band while investigating the deep NN; state, completely
eliminating energy transfer between nitrogen defects. We
believe the effect of donors on the thermal quenching of
NN; pairs is negligible due to the low concentration of
donors in the samples studied.

From the luminescence efficiency point of view, the
temperature dependence of the integrated intensity of the
bound exciton luminescence can be expressed by' '

I(T)/I(0)= W„/[W~+ WNR(T)],

where I(T) is the luminescence intensity at temperature
T and I(0) is the luminescence intensity in the tempera-
ture limit T~O K. W„and 8'~R are the radiative rate
and nonradiative quenching rate, respectively. As de-
scribed above, two main quenching channels for excitons
bound to NN; pair centers are possible:
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NR] and WNRz are quenching rates for the correspond-
ing processes. Then,

I(T)
I(0) Wg+WNR~(T)+Wjyg2(T)

1

1+ WNR1( T) /W~ + WNa~( T)/Wq

1

1+C, exp( E„—/k T) +Cz exp( E,2—/k T)

19.0 m

NN
8.6 meV

r, 48.0 meV

r, 57.2 meV

r, 90.0 meV

r, 8.9 meV

, 22.1 meV

20.7 meV

We therefore obtain

I(0)/I( T) 1=C—&exp( —E,~/kT)+ C2exp( E,2/—kT),
meV

where E, &
and E,2 are the activation energies of thermal

quenching processes (2a) and (2b), respectively. C& and

Cz are assumed to have much weaker temperature depen-
dences than those of the exponential factors, and are as-
sumed to be constant.

Several examples of a plot of lnA =in[I(0)/I(T) 1]—
as a function of 100/T are shown in Fig. 3. In the plots,
I(0) is taken from the almost temperature-independent
luminescence intensity near 0 K (for instance 5 K). It can
be seen in Fig. 3 that all the curves have a linear region
where the luminescence intensity decreases by about 2-3
orders of magnitude. However, from Eq. (4) we know
that lnA versus 100/T would not be linear. The mea-
sured linear region must be dominated by one of the non-
radiative processes in Eq. (4). The corresponding activa-
tion energy obtained by fitting this region with a single
activation energy represents the dominating nonradiative
channel. Thermal quenching under different pressures,
and hence different binding energies, has been investigat-
ed. The activation energies measured are plotted as a
function of binding energy, relative to that of the free ex-
citon in Fig. 4. In the figure, we assume that with the
variation of pressure, the donor-bound exciton line fol-
lows the conduction-band minimum, and its energetic
distance, ED~ = hU „E—h UD =3 meV relative to the free
exciton, remains constant. The binding energy of a
NN, center relative to the free exciton ~ould then be

Eb =hE+ ED~, (5)

where AE is the separation in energy between a NN, line
and the donor-bound exeiton line under a certain hydro-
static pressure.

Figure 4 shows quite clearly that, for the states investi-
gated, the thermal binding energy (E,) is nearly equal to
the exciton binding energy (Eb) and increases linearly
with Eb for Eb &20 meV, however, E, remains approxi-
mately constant for Eb) 20 rneV. 20 rneV is therefore
believed to be the hole binding energy in the bound exci-
ton [Eq. (2b)] which remains constant even though the
exciton binding energy increases greatly. It is thus con-
cluded that the luminescence of NN, centers (at least for
NN& and NN3) in GaAs:N is quenched by the thermal
emission of the whole exciton when the binding energy is
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FIG. 4. Thermal binding energy (E, ) as a function of binding
energy (Eb) relative to the free exciton for NN; defects under
different hydrostatic pressures. In the region where E, increases
with Eb, the escape of the whole exciton dominates the thermal
quenching processes, while in the region where E, remains con-
stant with increasing Eb, the escape of the free hole dominates.
The crossover point is at about Eb =20 meV, which is believed
to be the binding energy of the hole.
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FIG. 3. Thermal quenching data in a plot of

lnA =in[I(0)/I(T) 1] vs 100/—T for the different NN, pair
lines under several different hydrostatic pressures. The
thermal-activation energies are obtained by fitting the linear
portion of the plot. Also listed in the upper right corner are the
binding energies of the states relative to free excitons and the
hydrostatic pressure applied.
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less than 20 meV (the hole binding energy in the bound
exciton}, in agreement with the binding mechanism pro-
posed by Allen, ' for nitrogen centers in GaP:N. The
thermal quenching channel switches to the thermal emis-
sion of the free hole in the bound exciton when the bind-
ing energy is increased by pressure to a value larger than
that of the hole, corresponding to the binding mechanism
proposed by Hopfield et al.

It should be indicated here that in Fig. 4, according to
Eq. (4), we should have observed two activation energies
corresponding to Eqs. (2a) and (2b), one dominating the
lower temperature region and the other the higher. But
if we assume that E,2& E„,and the temperature is low,
the second term on the right-hand side of Eq. (4} can be
neglected. This accounts for the single activated process
we observed in Fig. 3, as the temperature is not high
enough (the reason we did not go to higher temperature
is that the signal becomes very weak) for the second ac-
tivated process with higher activation energy to be ob-
served. In the crossing region in Fig. 4, however, scatter-
ing of data prevents us from obtaining reliable separate
values of the two activation energies when both parallel
quenching channels are operational.

C. Pressure-tuned thermal-state selection

Since the binding energy of NN; pair levels is tunable
by pressure and their thermal binding energy (E, ) dis-
cussed in Sec. IIIB increases with their binding energy
before E, reaches a value of about 20 meV, we are now

going to describe a method which is somewhat like below
band-gap excitation or selective excitation spectroscopy.
The application of this method to our GaAs:N samples
sheds light on a confusing feature of the NN, pair
luminescence, which is very diScult when a selective ex-
citation is used since the NN; pair concentration in our
sample is very low. It therefore shows a potential for
more general applications of the method in other similar
cases.

It can be seen from the spectra in Fig. 1 that the
luminescence intensity of a NN; pair line dominates the
spectrum soon after it appears in the band gap. When a
more shallow state is pressed out of the conduction band,
the deeper one seems to give up its luminescence to the
more shallow one. For instance, the clear and quite
strong luminescence of NN, (5 &i ~ 10) in Fig. 1(f) cannot
be seen at all when X„appears [Fig. 1(g)]. This is quite
confusing because why should a state, when it becomes
deeper and hence may even have a higher capture proba-
bility, disappear in the spectrum.

Notice the increase in absolute luminescence intensities
from the NN, pair lines which become progressively
stronger for more distant pairs. We assume that all the
pair luminescences have approximately the same decay
time and believe that this effect results from the increas-
ing concentration of more distant pairs. Due to the spec-
trum overlapping, the weak close pair luminescence is
covered by the strong distant pair luminescence. If this is
true, a selective excitation with a photon energy lying be-
tween that of the deep and shallow lines would, in princi-
ple, be able to reduce the background and recover the

GIA~ . N NNj
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P = 22.4 kbar
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FIG. 5. Spectra at different temperatures under a pressure of
22.4 kbar, illustrating the application of the pressure-tuned
thermal-state-selection method. It shows that the NN; lines
dominate the spectrum at higher temperatures when the strong
N -related luminescence at lower temperatures quenches in in-
tensity. This is similar to band-gap selective excitation. How-
ever, such a resonant excitation is too weak to be observable for
the GaAs sample investigated.

close pair luminescence in the spectrum. However, such
a selective excitation luminescence spectrum is sometimes
diScult to obtain due to the lack of suitable laser, and/or
the too low concentration of the defect for a resonant ex-
citation. In fact, we have performed selective excitation
spectroscopy for our samples under hydrostatic pressure
using a Ti:sapphire laser pumped by an Ar+ laser. But
no satisfying result was obtained due to the extremely low
signal level resulting from the low concentration of NN;
pairs. It is, therefore, of importance that we have been
able to bring the deep pair luminescence back to the spec-
trum by a pressure-tuned thermal-state-selection method
described below.

Take a typical case in the pressure region of Figs. 1(f}
and 1(g) as an example. From the discussion in Sec. III B
we know the luminescence of a shallow (in the meaning
that it has just been pushed into the band gap) nitrogen
level quenches at a lower temperature than that of a
deeper one. Therefore, if the pressure is tuned carefully
to a critical value where the N has just been pushed into
the band gap, it dominates the spectrum with its strong
phonon replicas, while all the other NN; lines and their
phonon replicas cannot be observed [see Fig. 5(a}]. The
N line cannot be observed either in this spectrum be-
cause of a strong band gap and self-absorption. In such a
situation, N„has a very small binding energy and starts
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to quench at a very low temperature. In Fig. 5(b), at 14
K, we start to see the traces of NN; pair lines as the X„
phonon replicas become weaker. At 19 K, however, the
spectrum [Fig. 5(c)] is dominated again by the sharp NN, .

pair lines due to the thermalization of X excitons. Obvi-
ously, the above pressure-tuned thermal-state selection
recovers the unobserved NN, pair luminescence by
quenching the strong X luminescence background. This
confirms our suggestion that the disappearance of close
pair lines in a spectrum is due to their low concentra-
tions. We believe such a pressure-tuned thermal-state-
selection method will be applicable to more general cases.

If the temperature is further increased, however, we
cannot make the NN~ luminescence in Fig. 5(c) dominate
the spectrum. This, in agreement with the conclusions
drawn in Sec. IIIB, is because the NN4 luminescence
quenches at almost the same temperature as those of
shallow NN, (i&4) pairs since all their binding energies
are larger than 20 meV. Their thermal binding energies
are therefore determined by the thermal excitation ener-
gies of the holes which are about 20 meV and almost in-
dependent of the exciton binding energies.

I„=e (S„/n! ), (6)

where S, known as the Huang-Rhys factor, is a
temperature-independent parameter characterizing the
lattice relaxation. From Eq. (6), it is easily seen that
S=I, /Io, the ratio of the integrated intensity of the first
phonon replica to that of the zero-phonon line. In
GaP:N, a strong temperature-dependent S factor has
been found' for almost all NN; pair lines. This, howev-
er, was later found' to be due to the overlapping of the
spectra and energy transfer, which were not considered in
Ref. 13. When taking these factors into account, a
temperature-independent S factor was found.

In GaAs:N, the pressure applied can be used to select a
typical state for investigation of its exciton-phonon cou-
pling. For example, in the pressure range 10-15 kbar,
the spectra observed appear somewhat like that in Fig.
1(d). There NN3 has just appeared in the band gap and
all the shallow NN; are resonant in the conduction band.
It seems that in the energy region from NNI to NN3 all
the observed peaks are the phonon replicas of the NN3
line. The S factors observed for some of the phonon re-
plicas at different pressures are shown in Fig. 6. It is seen
that the S factors for the LO phonons are independent of
temperature, while for the TA phonon, at 11.8 kbar,
there is a significant increase in the S factor with temper-
ature. However, when the pressure increases to 14.6
kbar, the S factor for the same TA-phonon replica be-
comes temperature independent. This puzzling behavior
can be explained by the overlapping at 11.8 kbar of the
NN3-TA peak with the donor-acceptor (or band to accep-

D. Exciton-phonon coupling

Similar to GaP:N, in GaAs:N all the NN; lines have
pronounced phonon replicas. According to the linear
phonon coupling theory ' at low temperatures the in-
tegrated nth-phonon coupling intensity would be
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FIG. 6. Temperature dependence of the Huang-Rhys factor,
S, for some lines at various pressures, illustrating its
temperature-independent property. The explanation of the in-
crease in STA with temperature at 11.8 kbar can be found in the
text.

0,7

0,6-

05-
~g s

0,4-

0,3-g 0

0,2
CO

0,1-

GaAs:N 2K

S(LO) For NN~

0,0
0

I

20
I I

40 60
8INDING ENERGY (meV)

I

80 100

FIG. 7. Huang-Rhys factor S for the NN, line as a function
of the binding energy of the state. It increases slightly with
binding energy and indicates an increase in the localization of
the state, in agreement with the decrease in the pressure
coefficient for different NN, energy levels at a higher pressure
(Fig. 2 in Ref. 20).

tor) peak which quenches at a temperature higher than
that of NN, , resulting in an apparent increase in intensity
at the peak position of NN3-TA, and hence the S factor.
At 14.6 kbar, there is no overlapping of the donor-
acceptor peak which has moved to the higher-energy side
of the NN3 line with a pressure coefficient of 10.73
meV/kbar. Therefore, the S factor is observed to be tem-
perature independent. This illustrates the important role
played by spectral overlap.

It has previously been reported that S factors for
isolated nitrogen-bound exciton luminescence in
GaAs& „P„alloys change significantly with composition,
x, and hence the binding energy of the N„center. ' Our
data for S factors of LO phonon replicas of the NNI line
under different hydrostatic pressures are plotted as a
function of the binding energy in Fig. 7. The data are be-
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lieved to be quite reliable, since we have measured the
relatively clean case of NN, luminescence of GaAs:N un-

der hydrostatic pressure. The S factor is observed, how-

ever, to increase very slowly with binding energy. This
indicates anyway a small increase in the localization of
the defect. As a matter of fact, such a slow increase in
exciton-phonon coupling with binding energy is in excel-
lent agreement with the small decrease in the pressure
coefficient of a NN; energy level at higher pressure hence

higher binding energy discussed in Sec. I, and is also at=

tributed to the deviation of the behavior of the nitrogen
defect from a perfect deep level. The localization of a
perfect deep level with a short-range, large-momentum
transfer potential should be insensitive to a change in the
conduction-band structure, and should manifest itself
through a constant exciton-phonon coupling strength.
There is a qualitative agreement between our data and
the behavior of N„ in alloys, but the slope of dS idEb in
our pressure experiment is a factor of 3 smaller than that
in the alloy experiment. '

IV. SUMMARY

We have reported the observation of luminescence of
excitons bound to nitrogen pairs of different separations
as well as to isolated nitrogen atoms in GaAs using pres-
sure tuning of these states relative to the GaAs band
edges. All the nitrogen defects exhibit a deep-level-like
behavior under hydrostatic pressure. We can thus push
them successively into the band gap and change the bind-
ing energies of different NN; defects through the applica-
tion of hydrostatic pressure. By investigating the thermal
quenching processes of NN; luminescence under different
hydrostatic pressure, we concluded that the thermal
quenching mechanism for NN; luminescence is changed
from thermal excitation of the free exciton to the free
hole as their binding energies were increased from lower
than to higher than the hole binding energies. Hydro-

static pressure is used as a tool for tuning the binding en-

ergy of the defects. We have thus been able to bridge the
two models for exciton binding; in one case the binding of
the exciton as an entity, in the other case the strong non-
Coulomb attraction for the electron followed by the bind-
ing of the hole to the long-range Coulomb potential in a
quasiacceptor fashion.

A pressure-tuned thermal-state-selection method is
developed from the thermal quenching results. By care-
fully tuning the pressure, one can artificially set the bind-
ing energy of a state, and therefore choose the state one
wants to quench. Thus, it is of importance for resolving
overlapping spectra. In some aspects, it is similar to
below band-gap or selective excitation spectroscopy.
However, it has its own advantage in that it can be used
even for defects of very low concentration when a reso-
nant excitation is not applicable, as for the nitrogen pairs
in the GaAs:N samples investigated here.

The Huang-Rhys exciton-phonon coupling factors S
were observed to be independent of the temperature, and
are in agreement with the linear phonon coupling theory.
A slow increase in the S factor for the NN& level with
binding energy was observed, corresponding to the small
decrease in pressure coefficient from 5 meVlkbar to 3.5
mev/kbar for almost all the NN; energy levels when
their binding energy is larger at higher hydrostatic pres-
sure, which indicates that the localization of the deep-
level-like nitrogen defects increases slightly as their ener-

gy levels move further away from a particular
conduction-band minimum.

ACKNOWLEDGMENTS

This work was supported by the Swedish Natural Sci-
ence Research Council and by the Swedish Board for
Technical Development. Dr. W. Seifert and Dr. S.
Schwetlick are acknowledged for providing the samples
used in this study.

'P. J. Dean, J. Lumin. 7, 51 (1973).
2R. A. Faulkner and P. J. Dean, J. Lumin. 1/2, 551 (1970).
W. Czaja, in Festkorperprobleme (Advances in Solid State Phys

ics), edited by O. Madelung 1Vieweg, Braunschweig, 1971j,
Vol. XI, p. 65.

4A. A. Bergh and P. J. Dean, Light-emitting Diodes (Clarendon,
Oxford, 1976).

5J. J. Hopfield, D. G. Thomas, and R. T. Lynch, Phys. Rev.
Lett. 17, 312 (1966).

J. W. Allen, J. Phys. C 4, 1936 (1971).
7J. W. Allen, J. Phys. C 1, 1136 (1968).
D. G. Thomas and J. J. Hopfield, Phys. Rev. 150, 680 (1966).
E. Cohen and M. D. Sturge, Phys. Rev. B 15, 1039 (1977).

~0M. D. Sturge, E. Cohen, and K. F. Rodgers, Phys. Rev. B 15,
3169 (1977).
R. A. Faulkner, Phys. Rev. 175, 991 (1968).

t2M. F. Li, D. Q. Mao, and S. Y. Ren, Phys Rev. B 32, 6907
(1985)~

' H. Chang, G. Hirlimann, M. Kanehisa, and M. Balkanaki,
Sci. Sin. A 25, 942 (1982).
J. S. Zheng and Y. Zhang, Sci. Sin. A 29, 870 (1987).

'5J. S. Zheng and Y. Zhang, Sci. Sin. A 29, 862 (1987).
' D. J. Wolford, B. G. Streetman, R. J. Nelson, and N. Holo-

nyak, Jr., Solid State Commun. 19, 741 (1976).
'7B. Gil, J. Camassel, J. P. Albert, and H. Mathieu, Phys. Rev.

B 33, 2690 (1986).
B.Gil and H. Mariette, Phys. Rev. B 35, 7999 (1987).
D. J. Wolford, J. A. Bradley, K. Fry, and J. Thompson, in
Proceedings of the 17th International Conference on the Phys
ics of Semiconductors, edited by J. D. Chadi and W. A. Har-
rison (Springer-Verlag, New York, 1984), p. 627.
X. Liu, M. -E. Pistol, L. Samuelson, S. Schwetlick, and W.
Seifert, Appl. Phys. Lett. 56, 1451 (1990).

'D. J. Wolford, W. Y. Hsu, J. D. Dow, and B. G. Streetman, J.
Lumin. 18/19, 863 (1979).
S. Schwetlick, W. Seifert, E. Butter, W. Horig, R. Pickenhain,
and R. Schwabe, Cryst. Res. Technol. 22, 999 (1987).
G. B. Stringfellow and G. Hom, J. Electrochem. Soc. 124,
1806 (1977).

A. Jayaraman, Rev. Mod. Phys. 55, 65 (1983).
D. J. Wolford and J. A. Bradley, Solid State Commun. 53,
1069 (1985).



7512 X. LIU, M.-E. PISTOL, AND L. SAMUELSON 42

R. Schwabe, W. Seifert, F. Bugge, R. Bindemann, V. F. Agek-

yan, and S. V. Pogarev, Solid State Commun. 55, 167 (1985).
27Q. X. Zhao and B. Monemar, Phys. Rev. B 38, 1397 (1988).

P. Vogl, in Festkorperprobleme (Advances in Solid State Phys
ics), edited by J. Treusch (Vieweg, Braunschweig, 1981), Vol.

XXI, p. 191;ibid. , Vol. XXV, p. 563 (1985)~

P. J. Dean, Phys. Rev. 157, 655 (1967).
E. W. Bogardus and H. B. Bebb, Phys. Rev. 176, 993 (1968).
K. Huang and A. Rhys, Proc. R. Soc. London Ser. A 204, 406
(1950).


