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We report the observation of excited states of holes for acceptorlike excitons bound to isolated nitrogen
impurities in GaAs:N under high hydrostatic pressures. Appearance of a large absorption resonance �5 K� in
optical transmission and photoluminescence excitation spectroscopies leads to the identification of the 2S
excited hole state associated with the ground-state nitrogen isoelectronic bound exciton—commonly known as
the NX state from earlier GaAs-based alloy studies. Comparison with the well-established effective-mass theory
of Baldereschi and Lipari for excited-state S-type spectra of acceptors in semiconductors provides good quali-
tative agreement with our data. We thus deduce at 26.9 kbar the ground-state hole ionization energy as being
�19.2 meV, which in turn leads to a unique electron binding energy of �10.3 meV for isolated nitrogen traps
in GaAs:N at this pressure. These data and accompanying interpretations may provide for further understand-
ing of the deep-level behavior of isoelectronic binding mechanisms in semiconductors.
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I. INTRODUCTION

The unique properties of nitrogen as an isovalent
impurity in III-V host semiconducting materials have been
the subject of myriad experimental1–6 and theoretical
investigations.7–14 It has been repeatedly demonstrated that,
even in dilute quantities, nitrogen has profound and often
counterintuitive effects15,16 on the electronic properties
of the host crystal.17–23 Although there has recently been con-
siderable interest in the higher-nitrogen-concentration
region24–27—including the anomalous band-gap-bowing ef-
fects observed with atomic-concentration-range nitrogen
doping28,29—detailed insight into the “deep-level” properties
of nitrogen as an isolated impurity has remained an intrigu-
ing and largely still unfinished endeavor.12,13 Crucial to this
insight is a clear understanding of the mechanisms of carrier
binding at isoelectronic centers. To hopefully further such
views, we report the observation of excited states of the ex-
citon bound to isolated nitrogen impurities in GaAs �at 5 K�
under the application of high hydrostatic pressures.

II. MATERIALS AND EXPERIMENTAL METHODS

Samples used were high-purity n-type GaAs:N prepared
by Cl-transport vapor phase epitaxy on n-type GaAs sub-
strates, with nitrogen doping achieved by the introduction of
NH3 during the final ��20 �m� of growth.30,31 Incorporated
N concentrations were found to be at the level of
�2�1017 cm−3, as determined by secondary-ion mass spec-
troscopy measurements calibrated by controlled N implanta-
tions. It is well known from earlier pressure and alloy
work32,33 that N produces a resonant electron state
150–180 meV above the GaAs �1c conduction-band edge at
atmospheric pressure �and does not enter the �1c direct gap
until �22.5 kbar,33 or x�0.2 in GaAs1−xPx :N �Refs. 32 and
34��. The application of high and variable hydrostatic
pressure is therefore necessary to accomplish observation
of the bound exciton recombination due to isolated
nitrogen—denoted “NX” from the earlier GaAs1−xPx:N and
AlxGa1−xAs:N alloy studies.34–37

The samples were mechanically lapped and chemically
etched to a thickness of 10–15 �m, photolithographically
patterned into 80�80 �m2 squares, and then loaded together
with a small ��10 �m� ruby crystal and a transparent
hydrostatic-pressure-transmitting medium into a Be-Cu
diamond-anvil pressure cell38,39 of our own design and con-
siderably more advanced �e.g., allowing for helium 4 load-
ing, maximum operating pressures of �1 Mbar, nonmag-
netic environments, etc.� than the traditional Merrill-Bassett
cell.40 Additional samples were also cleaved along the �110�
directions into parallelepipeds �cleaved, rather than litho-
graphically patterned� to facilitate future studies of possible
lasing mechanisms; these differing geometries �rough-sided
squares versus optical cavities� should have no bearing on
the comparative results of this study. The well-characterized
R1 line of ruby38,39 was used to reproducibly determine the
pressure at liquid-helium temperatures within the cells.41

Sample emission was detected using a GaAs photomulti-
plier tube, coupled to a Spex 0.85 m double-grating mono-
chromator �with a typical resolution of 0.4 Å�, while all ex-
periments were performed at �5 K in a helium gas exchange
optical cryostat. Photoluminescence �PL� was excited using
the 4579 Å line of an Ar+ laser, with the excitation beam
focused to a nominal beam waist of �5 �m upon the sample
surface, with power densities being held at �103 W/cm2,
while all emissions were collected in conventional “back-
scattering” geometry. In complementary fashion, photolumi-
nescence excitation �PLE� was also sequentially measured
using a tunable dye laser �R6G or DCM� as the excitation
source, wherein the wavelength of the dye source output was
continuously monitored using a Burleigh wavemeter �with a
typical resolution of 0.4 Å, or �0.1 meV�, while its variable
power output was stabilized to within �1% using an
acoustic-optic modulator. Hence, in all of the experiments
both PL and PLE were routinely performed together upon the
same sample surface area, both with equivalent and high
spectral resolution. For all PLE excitation spectra taken, the
resolving monochromator was set to monitor the NX�B� zero-
phonon line as the characteristic signature of N-trap-related
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absorption processes. For complementary transmission mea-
surements a broadband tungsten lamp was focused upon the
rear surface of the sample, whereby a spectral-calibration
determination of the lamp �absent the sample� was used to
“normalize” the transmission spectra from through the
sample.

III. RESULTS AND DISCUSSION

A. Nitrogen deep-level behavior

We begin in Fig. 1 with a discussion of the general PL
characteristics over a broad pressure range, all at 5.8 K, and
encompassing the extremes under which the isolated-N-
impurity-bound exciton—NX—lies within the host GaAs en-
ergy band gap versus pressure.33,42 For convenience, the
spectra have been rendered into a quasi-three-dimensional
display accommodating the positions at each pressure of the
�1c and X1c conduction-band edges.42 As a deep defect9,43 the
NX impurity level follows no particular nearby band edge,44

but instead varies in energy with a relatively small pressure
coefficient of �2.63 meV/kbar irrespective of the band
structure,44 until high pressures ��80 kbar� whereupon the
level mimics the dependence of the indirect X1c edge, pass-
ing out of the X1c gap as a resonance above �87 kbar.45 At
the low-pressure opposite extreme it is represented as an
electron resonance with the �1c conduction band. Such pres-
sure behaviors have been predicted for N �A1 symmetric�
deep traps by tight-binding theory9,43 and those results agree
quite nicely with the data presented here. To represent and
clarify these behaviors Fig. 1 shows the superimposed band
structure which indicates a �1c-X1c crossing at 41.5 kbar,42

and a NX electron resonant state at atmospheric pressure of
�1.68 eV, or �160 meV above the �1c conduction-band
edge.32,33

To illustrate the rich spectrum of the isolated N center a
single PL spectrum and its corresponding PLE spectrum at a
pressure of 35 kbar have been plotted in the top panel of
Fig. 1, wherein the germane optic �LO��34.2 meV,
X�34.5 meV� and acoustic �TAX�10 meV, LA�22 meV�
phonon sidebands have been accented for clarity. The first
and most prominent feature to note is that the PL spectrum is
dominated by the otherwise forbidden NX�B� line, while the
allowed NX�A� is only predominantly observed in the excita-
tion process of PLE.33 These lines are due, respectively, to
N-bound excitons carrying total angular momentum of J=2

FIG. 1. Bottom panel shows stacked PL spectra of GaAs:N as
function of pressure. The �1c and X1c band edges are also displayed
for clarity. In the top panel is plotted a comparison between PL and
PLE for a given pressure showing the characteristic optical �LO��
and acoustic �TAX, LA� phonon replicas.

FIG. 2. Stacked PL, PLE, and absorption spectra of GaAs:N
showing the strong absorption into the 2S excited state of the hole
bound to NX.
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and J=1 �B and A levels, respectively, as in GaP:N� of the
“ground” 1S state of the NX level of the isolated nitrogen
impurity, and are found in all of our GaAs:N samples to be
split by the noted unusually large pressure-dependent corre-
lation and exchange �j j coupling�.1,3,46 This splitting is
clearly identifiable in the PL spectra shown in Fig. 2 where
the NX�A� and NX�B� zero-phonon lines �1.7732 and
1.7710 eV� are found to be split by �2.2 meV. This extreme
splitting, compared to the relatively small and virtually
invariant-in-magnitude �in the absence of stress and/or mag-
netic fields� A-B splitting of 0.8 meV found characteristically
in GaP:N,2 is suggestive of enhanced electron-hole spatial
overlap46 found in GaAs:N as compared to the isolated cen-
ter in GaP:N.2 There is also presumably mixing of the J=1
and 2 states, for example, due to possible additional lowered
symmetry surrounding the isolated N center that may be
characteristic of N in alloys and GaAs.32,33,46 These two ef-
fects together, splitting and mixing, lead to thermal depopu-
lation �at 5 K� of the usually overwhelmingly dominant
NX�A� line in favor of the ordinarily forbidden NX�B� line.2,46

B. NX excited states

An additional line is clearly observed in the comparison
of PL, PLE, and transmission �plotted as “relative” absorp-
tion� shown in Fig. 2 for a temperature of 5.8 K and a pres-
sure of 25.7 kbar. This feature, found to lie �13 meV above
the NX�A� line, displays uncommonly large intensities in
both absorption and PLE. Although this absorption and emis-
sion falls within the energy range of the TA phonon replica
of the NX�B� zero-phonon line, the fact that it is observed at
the same energy in PL �together with an extremely narrow
spectral linewidth of �0.2 meV in PLE and �1.2 meV in
absorption� precludes the possibility that this emission may
be due, for example, to additional unidentified phonon par-
ticipations involving the NX state. Also seen is the familiar
and commonly observed emission from the shallow-donor-
bound exciton—denoted D�—associated with the �1c
conduction-band-edge donor excitons.32,42 The D� state lies
�6 meV below the �1c edge, and is found to rigidly track
the direct conduction-band edge with pressure �and as such
may be used as a convenient check on the ruby-pressure
measurements as the �1c edge shifts linearly with pressure at
a rate of 10.8 meV/kbar up to �50 kbar�.42

Due to the close proximity ��9 meV� of this additional
line to both D� and the �1c direct band edge an alternative
explanation for this emission and absorption might conceiv-
ably be an additional unexpected shallow-donor-bound exci-
ton, or an acceptor exciton state—and not the isolated N trap.
Tracking the emission with varying pressure will establish
the association of the composite spectral lines and reveal
whether they arise from processes identifiable with the NX or
D�-states. To this end, Fig. 3 shows versus pressure just such
a dependence of what we shall hereafter refer to as the “2S
excited hole state” of the NX deep trap. As the pressure is
increased, it becomes evident that this additional line �2S�
does not shift in energy with the band edge D� emission, but
rather rigidly tracks with respect to pressure both the NX
emission and absorption. This is characteristic of “excited-

state features” associated with deep-trapping levels, and
lends further credence to the identification of these lines as
being associated with a previously unobserved “excited
state” of the NX exciton. This is consistent with its unusually
intense absorption and PLE signal strengths �exceedingly
large oscillator strength�. For both strong absorption and
PLE to occur together, not only must an efficient absorption
channel be opened, but also an efficient relaxation channel
into the final state must exist—as, for example, the promi-
nent corresponding peak found in PL at the same energy in
Fig. 2.

Having established the association of the observed com-
posite excitation with the NX deep trap, the next step is to
analyze detailed spectra to decide whether still further higher
n-excited states might also be discovered, and from what
their electronic origin might derive. To this end, Fig. 4 pre-
sents a PLE spectrum taken at 5.8 K and 26.9 kbar, wherein
just such a succession of higher-lying excitations “tied” to
the NX state may be clearly made out. These same excitation
energies are recorded in Table I, together with theoretically

FIG. 3. Stacked PLE spectra of the 2S excited state of NX show-
ing the correlation to the deep-level behavior of the NX exciton. The
relatively constant separation between NX�A� and the first �2S� ex-
cited state is indicated with solid horizontal arrows. Horizontal
dashed arrows indicate the increasing separation between NX�A�
and the GaAs band edge.
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predicted effective-mass �EM� energies for excited states of a
hole bound to an “ideal acceptor” in GaAs, as will be dis-
cussed below.

C. Comparison to EM model

The microscopic model first proposed by Hopfield,
Thomas, and Lynch1,3 �HTL� to explain anomalous exciton
binding to neutral impurities has now solidly stood for some
four decades as a cogent starting point for an intuitive under-
standing of the binding of an exciton to any isoelectronic
substituent. Within this model, the large difference in
electronegativity47,48 �central-cell potential or the chemical
shift� between first-row impurities and the anion of the host
crystal provides an attractive potential for an electron to be
trapped at an “isoelectronic acceptor.”2,3 Once the electron is
confined, it induces a long-ranged Coulomb field which may
in turn bind a free hole, thus forming an isoelectronic bound
exciton, described for N traps as “acceptorlike” impurities.
This is the situation for nitrogen doping in GaP and GaAs-
and GaP-based alloys, and our current GaAs:N example un-
der pressure. The binding potential for the electron is short
ranged and, therefore, leads to a relatively spatially compact
electron charge distribution surrounding the N impurity
site.7–10,43 It then becomes reasonable to make the compari-
son of the NX-bound exciton to that in GaP:N �A and B
lines�, GaAs:N, and their related alloys of a neutral acceptor
of S symmetry. Following just such an approach, Cohen and
Sturge4,49 were able to find in GaP:N surprising agreement
between the excited nS hole state energies bound to deep
NNi �i�6� pairs in GaP and the effective-mass theory for
shallow acceptor states, as formally developed earlier and
quite generally for a wide range of semiconductors by Bal-
dereschi and Lipari.50,51 Shallower NNi �i�7� pair-binding

energies, however, were found to be consistently smaller
than predicted theoretical interpretations based solely upon
ideal shallow-acceptor core potentials. Despite this minor
shortcoming it is instructive to compare the EM-calculated
energies from Refs. 50 and 51 to those observed in experi-
ment for our current example of GaAs:N.

Starting with the results of Baldereschi and Lipari,50,51 the
following EM parameters were used �in units of m0� for
GaAs: �1=6.98, �2=2.06, and �3=2.93 for the hole,
me

*=0.067 for the electron,52 and a static dielectric constant
of 	0=12.53.53 These parameters were used to deduce the NX
acceptor energy levels from the tabulated results in Refs. 50
and 51. Just as Cohen and Sturge found for GaP:N,4,49 these
energies may be fitted to the following semiempirical expres-
sion:

Ei − E�nS� = E0n−1.76,

wherein Ei represents the ionization energy in the 1S hole
ground state, E0 equals the acceptor ground-state binding
energy of 25.9 meV characteristic of GaAs �in the absence of
central-cell corrections�, and n represents the enumeration of
the nth excited hole state. To this end, Fig. 5 presents a
comparison of our first four experimentally derived excited-
state energies of the NX exciton hole to their corresponding
theoretical EM excited hole states.The hole ionization energy
Ei is deduced by taking the series limit of the high-lying
excited states—a value found in the present GaAs:N case to
be 19.2 meV. This comparison clearly demonstrates the dis-
crepancies that may accompany direct comparison between
purely EM calculations and actual experiments on nonideal
acceptors, such as isolated nitrogen traps.4,49 Nevertheless,
this is not unexpected, as N as an isoelectronic acceptor in
GaAs might differ from rigorous EM theory4,49–51 in two
crucial respects. First, nitrogen’s atomic core in the HTL
model1 is attractive to electrons, and, therefore, repulsive to
holes �although this repulsive core effect should have mini-
mal influence as the N central-cell potential is particularly

FIG. 4. Excitation spectra at 5.8 K monitoring the NX�B�
�J=2� emission. Labeled are the nS excited states of the hole bound
within the NX exciton. Also observed is the broad TA replica of the
zero-phonon line.

FIG. 5. Comparison of the observed excited states to the EM
theoretical values �solid line�. The ionization energy of the hole, Ei,
was found by taking the series limit.
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short ranged�.7 Second, and considerably more important, is
the fact that the electron charge distribution cannot be fully
localized upon the impurity site �as it would be in an ideal
acceptor�,50,51 thus having the net effect of reducing the over-
all long-ranged Coulomb potential strength for holes. Fur-
ther, since the NX level within the band gap varies widely
with respect to nearby band structure with pressure �Fig. 1�,
the NX exciton localization will without doubt be a strong
and sensitive function of this electron binding energy Ee.
Such is reflected in the widely varying phonon coupling
types and strengths we find versus pressure in GaAs:N, a
result which has been more directly dealt with elsewhere in
relation to N traps in alloys,46 and we find mirrored in the
details of the phonon coupling strengths versus pressure in
GaAs:N in these studies.37

D. Binding energies

From knowledge of the GaAs band-edge luminescence
�D� or DX

0 neutral donor-bound exciton� the total exciton
binding energy may clearly be determined at any given
pressure.42 As an example, the total NX exciton binding en-
ergy is found in Fig. 3 to be 29.5 meV. From this result, the
electron binding-energy portion Ee of the total exciton en-
ergy �Ei+Ee� for N trapping in GaAs may be arrived at as
being �10.3 meV �for 26.9 kbar� from direct subtraction of
the exciton energy from that of the �1c band edge. Neverthe-
less, it should be stated that such an assumption should be
taken in the context of the N trap being a bona fide deep
level in GaAs.9,43 Hence, it still possesses electronic compo-
sition derived from a full multiband view of the host band
structure making up the bound NX electron charge distribu-
tion in its electron wave function—including, for example,
even distant s-derived symmetry states from deep within the
valence band and high up in the conduction bands.9,12–14,43

Interestingly, we also find in our experiments that there
appears to be a clear pressure dependence of the details of
the hole excited state spectra of Fig. 4. Thus, although PLE
intensities �oscillator strengths� of the nS excited hole states
are found to decrease rapidly with increasing pressure above
26.9 kbar �for this observation we provide no theoretical of-
fering�, it is still possible to make out a clear and definitive,
but modest increase at higher pressures of �0.5 meV/kbar
for the 1S-to-2S hole energy separation. This behavior is
qualitatively consistent with both the EM theory for shallow
acceptors and the deep-level behavior of the nitrogen trap, as
it indicates that the dramatic increase in the binding energy
of the NX exciton with increasing pressure manifests itself as
an increasingly bound, and, therefore, more spatially com-
pact NX electron charge distribution. This additional electron
localization will necessarily lead to a correspondingly larger
hole-binding energy, which would more closely resemble the
energies derived from EM theory. Such a hole bound state
was demonstrably found to be revealed among the widely
varying exciton binding energies Cohen and Sturge4,49 re-
ported across the NNi series in GaP:N. Further, unlike our
above results, they found no hole bound-state spectra for the
isolated N center in GaP. Theoretical refinements to the EM
model have been developed which more carefully take into

account the less-than-fully-localized electron bound to N in
GaP.10,54 For example, Zhang10 found that due to the com-
pact but incompletely localized electron charge distribution,
a theoretical hole binding energy for isolated N arose in GaP
of 27.2 meV, accompanied by a remaining derived Ee equal
to �5.8 meV. Extensions of such approaches may lead to a
more complete understanding of our refined observations for
GaAs:N, as we are clearly beginning with a finite multival-
ley representation of �at least� Ee for NX in GaAs:N.

Based upon the above-noted pressure dependence of the
1S-to-2S hole excitation energy we may make an additional
conclusion, short of a detailed calculation. The directly de-
duced hole binding energy �Fig. 4� of 19.2 meV at 26.9 kbar
along with the observed binding energy pressure dependence
of �0.5 meV/kbar allows us to extrapolate the hole ground-
state binding at 41.5 kbar to a value of 26.5 meV. This is in
comparison with an EM hole ground-state binding energy of
25.9 meV from the work of Baldereschi and Lipari50,51 in
absence of the central cell.47,48 This conclusion is consistent
with the behavior of the NX level with increasing pressure.
The NX level varies continuously in binding energy with re-
spect to the nearby direct and indirect edges as pressure is
varied, as is clearly displayed in Fig. 1. Indeed, it begins as a
conduction-band resonance some 160 meV above the �1c
band edge in GaAs at atmospheric pressure and evolves
through the �1c band as pressure is raised. It then emerges
from the band at �22 kbar as a discrete bound state �with
significant phonon coupling� and then progressively deepens
within the �1c gap as pressure is increased, until the
�1c-X1c band crossing which sets in at �41.5 kbar. It is here
at band crossing that the NX level reaches its deepest value of
�140 meV within the band gap. From here, toward higher
pressures, NX becomes increasingly shallower within the X1c
gap, until the level departs from the indirect gap, again as a
conduction-band resonance above �87 kbar.45 �Interestingly,
this general binding energy dependence mirrors much of
that for N in GaAs1−xPx and AlxGa1−xAs versus alloy
composition.32,34,37� Therefore at 41.5 kbar, where the NX
level has its deepest binding energy, the hole binding closely
resembles that of an ideal acceptor. This implies that at its
deepest binding the N iselectronic trap in GaAs is behaving
as a virtually ideal HTL trap, with the bound electron fully
localized just as Cohen and Sturge found for nearer-neighbor
NNi pairs �of considerably larger exciton binding energies�
in GaP.2,49 We also note that although isolated N is of “du-
bious electron binding” in GaP, in GaAs under pressure it
may be decidedly regarded as a bona fide multiband deep
electron trap.9,12,13,43

IV. CONCLUSION

In conclusion, we have presented evidence of excited
acceptorlike states of the exciton bound to nitrogen �the NX
level� in GaAs:N with the application of hydrostatic pres-
sure. These states qualitatively follow the broadly and firmly
established EM theory of Baldereschi and Lipari for accep-
tors with S-type symmetry in semiconductors. The substan-
tial quantitative deviation we find from that of an ideal ac-
ceptor in GaAs, however, is indicative of the expected less-
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than-fully-localized spatial extent taken by the NX bound
electron. Analysis of the data reveals an estimated ground-
state hole ionization energy of 19.2 meV �at 26.9 kbar�,
which may be directly compared with the EM theory yield-
ing a minimum ground-state hole binding energy of
�25.9 meV for ideal holes in GaAs �absent the central cell�.
This, together with detailed knowledge of the �1c band edge
in GaAs, results at this pressure in an electron localization
energy for the isolated N trap of �10.3 meV. We also find in
experiment there to be a pressure dependence of this hole
binding energy of 0.5 meV/kbar, which extrapolates to a de-
rived maximum hole binding energy of �26.5 meV at the

�1c-X1c band crossing—a value consistent with N in GaAs
under pressure being both an ideal HTL isoelectronic center
and a bona fide multiband deep electron trap. It should be
noted that this value of 26.5 meV agrees unaccountably well
with the computed hydrogenic acceptor value �absent the
central cell� for GaAs as described by Baldereschi and
Lipari. The results related herein should therefore allow for
further refinements to the theoretical descriptions of the iso-
lated nitrogen trap in GaAs and their possible relevance to
the scientifically and technologically important dilute nitro-
gen GaAs1−xNx-related alloys.
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