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Electron-hole liquid in Gap:N
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The radiative recombination of the nitrogen-induced electron-hole liquid in Gap:N is observed. The liquid
is formed by delocalization of excitons bound to nitrogen in crystals in which the nitrogen c'oncentration

exceeds 10" cm ', and under intense band-gap or selective excitation into the lowest J = 1 state of the
bound exciton {A line), The observed binding energy is 17 meV relative to the free-exciton level. The liquid
density is in the range of {1-4)X 10' cm for excitation intensity varying in the range of 10"—10'
photons/cm'/pulse.

I. INTRODUCTION

Recently the electron-hole liquid (EHI ) has been
observed in GaP'"' as well as in other polar semi-
conductors. Relatively pure GaP crystals have
been used in these studies, and the EHL is ob-
served through its phonon-assisted -radiative re-
combination. It is well known4 that nitrogen do-
pants in GaP form isoelectronic traps. At low
temperatures, bound excitons recombine radiat-
ively at the N trap (or at nitrogen pair traps if
[N] ) 10" cm ') with quantum efficiency of approx-
imately unity. ' Schwabe et a/. ' have reported the
observation of a new radiative recombination band
in crystals doped with [N]) 10" cm ' and excited
with a N, laser, which they attributed to the no-
phonon transition of the EHL due to breaking of the
k selection rul. e at the isoelectronic traps.

In this paper we present experimental results in-
dicating that the role of the nitrogen impurities
inducing the new high-intensity band is quite differ-
ent. In contradistinction to the known cases (pure
and doped Ge and Si, pure polar semiconductors)
in which the EHL is formed by condensation of free
excitons, in heavily doped GaP:N the EHL is
formed of a high density of delocalized excitons
which are provided by the nitrogen impurities.
There are two requirements for the formation of
this EHL. 'The first is that the concentration of
nitrogen be sufficiently large that the interimpurity
distance be of the sa,me order of magnitude as that
of the exciton Bohr radius (a, =40 A)' so that ex-
citon delocalization takes place. ' The second re-
quirement is that all the nitrogen traps be popu-
lated in a time short compared with the exciton
lifetime. (At low temperatures it is the radiative
lifetime of the A line, v„=40 nsec. ') In this way
a high density of bound excitons is obtained and
these can migrate in the nitrogen system. This
unique role played by the nitrogen impurities is
demonstrated by observing the EHL radiative re-
combination under selective excitation into the

lowest 8= 1 state of the exciton bound to nitrogen.
The paper is outlined as follows: Sec. II presents

the experimental procedure and results. Section
III details the analysis and Sec. IV is a short sum-
mary.

II. EXPERIMENTAL PROCEDURE AND RESULTS

Several crystals doped with nitrogen concentra-
tion varying from 10" to 10" cm ' were studied;"
They were excited with a tunable pulsed dye laser
pumped with a N, laser. Front surface excitation
was used in all experiments. The laser pulse
width was 5 nsec, its peak power 10 k%, line-
width of 0.2 meV and the repetition rate used was
15 Hz. The excitation photon energies used were
2.65, 2.37 (near the indirect band gap), and 2.317
eV, which is the energy of the A line of the exciton
bound to N. The background fluorescence of the
dye laser was removed by an additional extra-
cavity grating. 'The luminescence was detected
with a double monochromator equipped with a fast
photomultiplier. The signals were processed with
a boxcar averager with a gate of 1 nsec, unless
otherwise stated. The overall time resolution of
the system was 5 nsec (limited by the photomulti-
plier response time). The crystals were immersed
either in liquid helium or in a controlled stream of
helium gas for temperatures higher than 4.2 K.

Figure 1 compares the luminescence spectra ob-
tained from several GaP:N crystals excited with
2.65-eV radiatj. on and a photon flux of 10 cm per
pulse. (Henceforth we shall use photons/cm' per
pulse as units of excitation intensity. ) The nomin-
ally undoped crystal (actually containing 10"N/cm'
and some donors) shows the phonon-assisted radi-
ative recombination of the EHL, similar to that re-
ported in Refs. 1-3. For nitrogen concentrations
of 10"-10"cm ' the EHL is not observed and the
spectrum is similar to that obtained under l.ow-
level cw excitation [cf. Figs. 1(c) and 2(c)]. For
[N] =2 x 10" cm ' [Fig. 1(b)] the spectrum consists
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FIG. 1. Luminescence spectra of GaP crystals doped
with various nitrogen concentrations. A pulsed dye laser
was used for excitation with photon energy of 2.65 eV and

intensity of 10 photons/cm per pulse,

of the radiative recombination of the excitons
bound to single N (A line and its phonon sidebands)
and a new band peaking at 2.302 eV. This band
with its optical phonon sideband (at 2.253 eV) com-
pletely dominates the spectrum of the crystal with

[N] = 2.5 x 10" cm [Fig. 1(a)]. Similar results
are obtained when the crystals with [N]~ 2 x 10"
cm ' are excited by 2.317-eV photons, i.e. , direct-
ly into the A line [Fig. 3(b)]. The dips which ap-
pear in the emission band [Fig. 1(a)] correspond to

FIG. 2. (a),Electron-hole liquid radiative recombina-
tion in GaP doped with 2.5 x10 N jcm . The experimen-
tal curve is compared with the calculated line shape in-
cluding the acoustic phonons contribution (1) and without
phonon contributions (2). (b) The luminescence spectrum
of the same crystal as in (a) excited with a low-level
cw Ar' laser. (c) The luxninescence spectrum of a low-
[N] crystal excited with a cw Ar' laser. This spectrum
is used as the phonon density of states for the line-shape
calculations shown in (a).

self-absorption by NN& nitrogen pairs. This can
be verified by comparing the dips energies with the
NN, emission peaks observed under cw excitation
[Fig. 2(b)].

It should be noted that although the spectra were
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FIG. 4. Dependence of the EHL emission intensity on
the intensity of the exciting laser beam.

I

5350 5450
WAVELENGTH (A)

5550

FIG. 3. (a) Electron-hole liquid radiative recombina-
tion at 2 K and exciting photon energy kv= 2.65 eU. (b)
Same temperature, hp=2. 317 eV. (c) 30 K and Qp=2. 317
eV. In (b) and (c) resonant A-line excitation was used
and the luminescence was recorded up to 3 meU below
the exciting laser line.

observed at an ambient temperature of 2 K, the lo-
cal temperature at the excited region was about
5 K. This was determined by measuring the life-
time of the NN, l,ine when pumping into the A l.ine.
It was observed that v'(NN, ) -1 psec for all pumping
intensities. Another indication of the low local
temperature is obtained by comparing the 2-K
spectra [Figs. 3(a) and 3(b)] with spectra taken un-
der the same excitation conditions at higher tem-
peratures [such as Fig. 3(c)]. The main difference
is the appearance of the NN, lines as peaks super-
imposed on the broad band rather than dips (the
NN, lifetime is shortened to -40 nsec at 20 K).

Figure 4 shows the dependence of the integrated
intensity of the broad band observed for [N]
= 2.5 && 10" cm ' on the intensity of the exciting
laser beam. (In this experiment we used a gate
of 40 nsec. ) The data shown are for excitation en-
ergy of 2.37 eV but similar results were obtained
for 2.65- and 2.317-eV incident photons. As can be
seen, the dependence is nearly linear. The spec-
tral line shape does vary somewhat when the ex-
citation intensity is decreased by four orders of
magnitude, as is shown in Fig. 5. In order to
allow a meaningful. comparison between these spec-
tra, they were all normalized to the same peak
intensity at 2.302 eV.

Finally, the spectrum shown in Fig. 2(c) has been
obtained by front surface excitation with a low in-
tensity (15 mW) cw Ar' laser operating at 4579 A.
These experimental conditions were important in
order to reduce self-absorption of the resonance
A line as much as possible. Thus, the intensity
ratio of the A line to its phonon sidebands could
be accurately determined.

III. ANALYSIS

In this section we consider the origin of the broad
emission band observed in crystals with [N] &

2& 10" cm ' and analyze its spectral line shape.
The most important observation is the possibility
of exciting this band by selective excitation into
the A line, i.e. , by creating only excitons bound
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phase is observed also in pure GaP, there are sig-
nificant differences between this case and that of
Ga,P:N: (a) In GaP:N the high particle density is
achieved via the nitrogen system, while in pure
GaP the condensation is that of free excitons. (b)
Since the nitrogen trap alters the electron wave
function, " the no-phonon radiative recombination
is expected to be allowed in contrast to pure GaP
where only phonon assisted transitions are allowed.
(c) The relative intensities of the phonon sidebands
should reflect those of the GaP:N spectrum [Fig.
2(c)] rather than the free-exciton recombination
spectrum as in the case of pure GaP. It should
also be mentioned that the EHL formation in GaP:N
differs from the cases of doped Ge and Si where the
EHL is formed by condensation of free excitons. "'"

We have performed a line-shape analysis of the
band peaked at 2.302 eV as shown in Fig. 2(a) for
[N] = 2.5 x 10"cm '. We used the expression for
the spectral density given by Pokrovskii":

I I
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FIG. 5. Dependence of EHL recombination line shape
on excitation intensity. (All spectra are normalized to
the same peak intensity at 2.302 eV. ) (a) 10' photons/
cm at 2.65 eV. (b) 10 photons/c'm at either 2.65 or
2.317 eV. (c) 10 6 photons/cm at 2.317 eV and (d) 10
photons/cm at 2.317 eV. In the case of A-line excita-
tion (2.317 eV), the luminescence was recorded up to 3
meV below the exciting laser line.

to the nitrogen impurities. From this we conclude
that the broad band is due to some kind of an ex-
citonic phase within the nitrogen system. 'The fact
that the spectra obtained by exciting deep into the
conduction band are identical to those obtained un-
der selective excitation indicates that the electron-
hole pairs are trapped on the nitrogen impurities
where they form the new phase. 'The linear de-
pendence of the emission intensity on the excitation
intensity over the range of four decades precludes
the possibility of stimulated emission. Another
possibility is a multiexciton complex bound to ni-
trogen traps, a.s it is well established that a bi-
exciton can bind to a single N in GaP." However,
such a complex would be observed for all nitrogen
concentrations while the new band is observed only
for [N]~ 2 && 10" cm '. This minimum nitrogen
concentration corresponds to an average inter-
impurity separation of 100 A, which is roughly
2a, . Under this condition exciton delocalization
takes place within the nitrogen system. ' In addi-
tion, when the excitation intensity is sufficiently
high and its duration shorter than t„, a high den-
sity of excitons is formed. The .exciton separation
is then of the order of ao, and we could expect ex-
citon condensation into an EHL. Although an EHL

f(hv) = d(h(u) f(h(o) E' '(hv —hv —E)' 'dE

Here f(h(u) is the spectral line-shape function given
in Fig. 2(c) for single N impurities at 4.2 K. The
other symbols are defined in Ref. 14. We assumed
a three-valley structure for the minimum of the
conduction band and used the set of-mass para-
meters quoted by Beni and Rice," namely, ml,
= 2.032 and m, =0.254 for the anisotropic electron
mass and rn, = 0.164 and m„= 0.479 for the light-
and heavy-hole mass, respectively. 'The calcula-
ted curve marked (1) in Fig. 2(a) is the result of
fitting the main emission peak which consists of
contributions of the no-phonon radiative recombin-
ation of the EHL and its acoustical-phonon side-
bands. As can be seen, the fit is satisfactory.
For comparison we also calculated the line shape
of the main emission band omitting the acoustical-
phonon contribution and using the same parameters
obtained by the previous fitting. The result is
shown in curve (2) of Fig. 2(a). The band peaked
at 2.253 eV lies 49 meV below the peak of the no-
phonon EHL peak and thus corresponds to its op-
tical-phonon sideband. We have calculated its
line shape, again using f(he@) given in Fig. 2(c).
While the calculated line shape fits well the ex-
perimental curve, its intensity turns out to be 50%
stronger than that observed experimentally. A

possible explanation might be the different coupling
of the TO and LO phonons to the EHL.

The experimental value of the binding energy of
the. EHL is 17 meV with respect to the free-exciton
line (accurately determined from the position of
the A.„ line' ). This value is close to the estimates
of Beni and Rice." The binding energy is some-
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TABLE I. Electron-hole liquid parameters as a function of
the excitation intensity.

Excitation intensity

(photons/cm2/pulse)

Electron-hole
pair density (10' cm ')

10184

4.1

10"

3.3

10'6

2.4

10'4,

1.5

E + E„(meV)

v (nsec) 15

22

30 35

13

38

' In this case the excitation energy was 2.65 eV, while in all other
cases resonant A-line excitation was used.

what larger than that of the EHL in pure GaP (14
meV). ' This effect is probably due to the additional
attraction of the electrons by the nitrogens.

A similar line-shape analysis was performed for
the EHL in the crystal with [N] = 2.5X 10" cm ' ob-
tained under excitation intensities varying from10"
to 10" photons/cm' per pulse (data of Fig. 5). The
results are summarized in Table I. For a four
orders of magnitude change in the excitation flux,
the density of particles in the EHL varies only
slightly. (The density is calculated from the Fermi
energies of electrons and holes determined by the
fit to the experimental data. ) In all cases the den-
sity of particles in the EHL is of the same order
of magnitude as the concentration of nitrogen im-
purities. 'This means that even for the lowest ex-
citation intensity for which the EHL radiative re-
combination is observed the excitons migrate with-
in the nitrogen system and concentrate in regions
which, consequently, have a high density of par-
ticles. The observed binding energy of the EHL
does not vary with the excitation intensity. This is
in agreement with the calculations of Beni and
Rice" which indicate that it varies only slightly
with small changes in the electron-hole density.

'Table I also includes the radiative lifetime of the
EHL for the different excitation intensities. This
lifetime depends on the density, and in all cases

is shorter than &„. This shows the importance
of the Auger effect in determining the lifetime. It
should be noted that the biexciton lifetime is less
than 10 nsec, "which means that the particles
overlap much more in the biexciton than in the
EHL.

Finally, an additional support to the model pre-
sented here can be found in the A-line absorption
saturation experiments reported by Leheny and
Shah. " 'They ha. ve shown that in crystals contain-
ing [N] ~ 5& 10" cm ' the A-line absorption satur-
ates for pumping intensity greater than 10" pho-
tons/cm' per pulse. For the highest available
pumping intensity a net amplification of 8.5 was
expected but none observed. From this they have
concluded that the excited nitrogen system is in
an excited state unattainable by direct absorption
from the ground state. 'This state is the condensed
EHL formed by populating all the nitrogen impur-
ities with excitons. Clearly a model which as-
sumes that the nitrogen impurities simply induce
the no-phonon transition of the conventional EHL
(formed from free excitons) ca,nnot explain these
absorption saturation experiments.

IV. SUMMARY

In this paper we have demonstrated the formation
of an EHL by the condensation of excitons bound to
nitrogen in GaP:N. 'This EHL is formed when the
average separation between nitrogen impurities is
of the order of the exciton Bohr radius and when
the density of electron-hole pairs is of the same
order of magnitude as the nitrogen concentration.
The role of the nitrogen dopants is twofold: it pro-
vides the particles for the EHL and it determines
the spectral line shape of its radiative recombin-
ation.
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