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Using optical spectroscopy with diffraction limited spatial resolution, the possibility of measuring
the luminescence from single impurity centers in a semiconductor is demonstrated. Selectively studying
individual centers that are formed by two neighboring nitrogen atoms in GaAs makes it possible to
unveil their otherwise concealed polarization anisotropy, analyze their selection rules, identify their
particular configuration, map their spatial distribution, and demonstrate the presence of a diversity of
local environments. Circumventing the limitation imposed by ensemble averaging and the ability to
discriminate the individual electronic responses from discrete emitters provides an unprecedented

perspective on the nanoscience of impurities.
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The ability to probe single, isolated and spatially re-
solved entities permits the observation of their intrinsic,
singular, and hidden properties otherwise masked by
ensemble averaging. This has led to remarkable progress
in the understanding of atoms [1,2] molecules [3,4], de-
fects [5], and quantum dots [6—8]. While single impurities
or defects have been observed in polymers [3] and insu-
lators [5], little appears to be known about the character-
istics of single impurities in semiconductors. We report on
the fine structure luminescence from single isolated nitro-
gen pairs in GaAs measured using a confocal microscope.
Spectrally and spatially resolving luminescent centers
lifts the orientational degeneracy, reveals critical infor-
mation on their symmetry and configuration, and exposes
their distinctive signatures. In addition, the spatial distri-
bution of impurities can be reconstructed. This approach
provides information previously unattainable for under-
standing the physics of semiconductors at a scale of single
impurity centers [9].

The measurement of a single molecule, dot, or impu-
rity, by optical spectroscopy represents a formidable task
requiring two fundamental requirements to be satisfied.
First, the density must be such that only one luminescent
entity is located within the excitation or detection volume.
Next, the photon emission rate from a single recombina-
tion center must be fast enough to provide a signal ex-
ceeding noise levels. Nitrogen pairs in GaAs satisfy both
requirements. Despite being isovalent with As, nitrogen
forms localized bound states in GaAs [10] and so is
referred to as an isoelectronic impurity. The disparity
in core electronic potentials and lattice relaxation result-
ing from its substitution create a localized potential at-
tractive to an electron which consequently can capture a
hole to form an exciton. When two neighboring nitrogen
atoms are located on the anion sublattice, referred to as a
nitrogen pair, they can trap excitons with a binding en-
ergy strongly dependent on the nitrogen pair separation
[11,12]. Without hydrostatic pressure, most of these pair
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states are resonant in the conduction band and only two
nitrogen pair configurations form bound states [13].
Although the minimum nitrogen doping level routinely
achievable (around 10° um™3) is exceedingly high even
for sampling volumes obtained using near-field optical
techniques, the nitrogen pair concentration for this same
doping level is 3 um™3, corresponding to a sampling
volume easily achievable using diffraction limited optical
techniques.

The sample was grown by molecular beam epitaxy, and
its structure corresponds to a 25 nm GaAs:N layer, clad
by a protective 5 nm of GaAs on both sides, and sand-
wiched between two Al ,5Gag;5As barriers. From sec-
ondary ion mass spectrometry on thicker calibration
samples, the nitrogen concentration was estimated to be
3 X 10° wm™3, corresponding to a pair surface density of
0.6 wm~2. The luminescence excitation was performed at
532 nm using an intensity of 90 nW with a resolution of
0.5 uwm?. Because of the long carrier diffusion length at
5 K, the spatial resolution for the detection of the lumi-
nescence is set by the 10 um pinhole located in an
intermediate image plane, resulting in a detection reso-
lution of 0.64 wm?. Figure 1(a) shows spectra selected
from three different locations on a 5 X 5 um? photolu-
minescence (PL) map. Two types of centers are observed
and correspond to pairs with discrete but different sepa-
rations. They are referred to as NN; and NN, and, while
their configuration has not yet been established, they
likely correspond to pair arrangements wherein if a nitro-
gen atom is located at the origin, the pair atom is located
at either (1/2,1/2,0) or (1, 1, 0) of the anion sublattice. If
this configuration is exact, these pairs should then have
and a C,, symmetry. We use X; and X, to refer to these
radiative centers and arbitrarily assign X, to the lower
energy one. The three panels of Fig. 1(a) show one X,
center and two distinct X; centers labeled Xil) and X(lz).

For both X; and X,, the exchange split A (J = 1 triplet)
and B (J = 2 quintet) states further split under the biaxial
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FIG. 1 (color). (a) Photoluminescence spectra obtained from three different regions of a 25 wm? spatial map. Xil), XEZ), and X,
correspond to three distinct nitrogen pairs. X; and X, are two pairs with discrete but different separation. Inset: linearly polarized
optical transitions for C,, symmetry. The photon wave vector is along z, the C, axis, and the pair is oriented along x.
(b) Photoluminescence intensity maps corresponding to pairs Xgl), ng), and X,. The intensity is plotted for the luminescence

peaks shown by arrows on the spectra in (a).

crystal field into eight singlets. Two transitions from the
J = 2tothe J = 0 ground state are forbidden whereas the
remaining six can in principle be observed. The inset of
Fig. 1(a) shows the symmetry of each exciton state [14]
assuming the crystal field lifts all degeneracies. The
ordering of the six singlets is not accurately known.
Assuming that only one nitrogen pair is located in the
luminescence detection volume and that the orientation of
the pair is perpendicular to the luminescent photon’s
wave vector, only four of the six transitions should be
observed. Indeed, four luminescence peaks are clearly
identified for X(ll) and X(z), whereas for X, the presence of
four peaks is illustrated below. The above gap excitation
energy likely creates a nonequilibrium phonon popula-
tion, broadening the individual lines beyond their natural
linewidth.

Figure 1(b) shows one spatial intensity map for each
center measured at an energy corresponding to the lumi-
nescence features indicated by the arrows on the spectra
in Fig. 1(a). The scanning step size was 0.2 wm, but
Fig. 1(b) shows an interpolated step size of 0.05 pm.
The PL maps were obtained by integrating the intensity
within a 92 weV energy window. An identical localiza-
tion of the four spectral features indicates they all origi-
nate from the same emitter. This demonstrates that the
relatively high spectral and spatial resolution allows us to
probe the distribution of single impurity centers in a
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semiconductor. The luminescence intensity saturates at
excitation intensities exceeding 18 nW. While lumines-
cence intermittency is often observed from single emit-
ters [6,15], no intensity fluctuations are observed nor
expected since the configuration of the pairs and their
environments are stable under normal excitation levels
and long-lived nearby carrier traps should not be present.
Previous impurity-related luminescence measurements
probed a large collection of emitters and the informa-
tion related to their symmetry and orientation was lost
through ensemble averaging. In some cases, as, for ex-
ample, donor-acceptor pairs [16], partially polarized lu-
minescence is observed due to the influence of a growth-
related preferential incorporation favoring some configu-
rations over others. In contrast, spatially resolving a
single luminescent center completely lifts the orienta-
tional degeneracy, facilitating the analysis of the optical
selection rules and nearly degenerate states.

For C,, symmetry, the dipole moment operator medi-
ating an optical transition between any of the electronic
states produces linearly polarized luminescence. Figure 2
shows the intensity of the photoluminescence as a func-
tion of energy and polarization angle for the three centers
of Fig. 1. Four transitions are observed for each center,
two related to the B (J = 2) exciton at low energy and two
related to the A (J = 1) exciton at high energy [17]. We
observe a striking variation of the intensity of these
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FIG. 2 (color).
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Photoluminescence intensity as a function of energy and polarization angle. 0°, 45°, and 90° corresponds to [110],

[100], and [1-10], respectively. The four transitions allowed from C,, symmetry are resolved. As can be clearly seen from all three
panels, the polarization anisotropy ratio reaches unity. This demonstrates that the orientational degeneracy is lifted, as expected for

a single emitter.

transitions with polarization angle for all centers. As
expected, the polarization intensity varies from zero
(forbidden transitions) to a maximum value (allowed
transitions). The relative orientation of the pairs can be
determined from their polarization characteristics. Since
the emitted light is polarized along (7r,) or perpendicular

to the pair (77,), we find that X§2) and X, are located in the
(001) plane but oriented perpendicularly to each other,

whereas Xﬁl) is located in the (100) plane. The crystallo-
graphic orientation of the pairs and their polarization
selection rules indeed favors a C,, symmetry for both
X, and X,. This demonstrates that the polarization an-
isotropy, concealed in macroscopic measurements, pro-
vides critical information on the impurity configuration.

It is natural to expect that the local environment of a
nitrogen impurity pair will affect the energy of its
Iuminescence. The presence of charged impurities, lat-
tice distortions, strains, and other local fields affects
the properties of the host semiconductor on a very short
length scale. The presence of these nonresolved local
perturbations on the host electronic states is usually
analyzed through linewidth broadening even at the high-
est spatial resolutions achievable by optical spectroscopy.
The ability to spatially resolve individual impurity cen-
ters could thus serve as a nanoscopic probe for the analy-
sis of these perturbations with unprecedented spatial
resolution as demonstrated below. The electron, tightly
bound to nitrogen [18], has a large mass and the exciton
radius is less than 4 nm [19], implying that the character-
istics of the nitrogen bound exciton should be minimally
affected by perturbations outside this radius.

As can be seen from Fig. 1(a), the central position of
the luminescence is remarkably different for X 51) and X 52).
Since the spacing between the nitrogen atoms can assume
only discrete values, we attribute this difference in energy
to the variation in local environments. From a macro-PL
measurement (area of approximately 1200 um?), we find
that X; broadens to a single unresolved line at 1.507 94 eV
(not shown) [20]. This energy represents an ensemble
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average from approximately 1000 pairs. We then calculate
the energy separation between the average value of the
four excitonic lines and the macro-PL ensemble average
energy. Figure 3 shows a color-coded energy variation
map (same sample region shown in Fig. 1). Each circle
represents the location of a X; center and its color indi-
cates the magnitude of the energy shift. In this particular
region of the sample, the energy shift is mostly towards
positive values with an average of +1.513 meV. This
indicates the presence of a relatively long scale perturba-
tion (>5 pm) shifting most of these peaks to higher
energy. It also appears that there is little spatial correla-
tion between the energy of each data point, indicating that
significantly shorter scale perturbations are also present
(<1 pm). Their effects vary rapidly on the scale of the
probes’ surface density. These two types of perturbations
are likely to originate from strain fields, uniaxial or
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FIG. 3 (color). Spatial location map of X; centers from the
same area shown in Fig. 1(b). The energy shift of X; with
respect to the average energy obtained through a macro-PL
measurement (large ensemble) is shown (see color scale). Large
scale (>5 um) and short scale (<1 wm) perturbations can be
identified. Nitrogen pairs provide a very sensitive measurement
of the host perturbation with a nanometer scale resolution.
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biaxial, impurities, or any other defect generating lattice
distortions. This rapid variation and its large amplitude
can probably be in part associated with the relatively low
growth temperature for this sample which often results in
a lower crystalline quality and explains the observation of
just a single broadened unresolved line in the macro-PL
measurement. Interestingly, we find the exchange inter-
action and crystal-field splitting are also strongly affected
by their local environment. By associating the experi-
mental results with theoretical models, the luminescence
energy, the exchange interaction, and crystal-field split-
ting could be used to investigate the presence of strain and
electrical fields with extremely high resolution.

The surface density of X is estimated to be 0.84 um™
from Fig. 3. An analysis of the spatial surface distribu-
tion of the nitrogen centers gives a nearest neighbor in-
dex of 1.23 [21]. While a random spatial distribution is
often assumed, the deviation of this value from unity
indicates an intermediate tendency to scatter which is
perhaps controlled by the dynamics at the growth sur-
face. This tendency is highly favorable from a practi-
cal standpoint because a uniform distribution of dopants
is preferred for optimal carrier transport in devices
and, at higher concentrations where alloy formation be-
gins, clustering would induce local energy fluctuations
of electronic bands resulting in broadened densities of
states. Although limited to two dimensions, it appears
this approach can provide valuable insight into the local
environment of impurities, the statistics of dopant distri-
bution, and help shed light on the puzzling electronic
structure evolution in the embryonic phase of the ultra-
dilute GaAsN alloy.

In summary, we have probed the fine-structure lumi-
nescence of single nitrogen pairs in GaAs. Spectrally and
spatially resolving the luminescent centers lifts the ori-
entational degeneracy, revealing critical information on
their symmetry, configuration, and distribution. The sig-
nature of an impurity center is sensitive to its environ-
ment and could be used as a marker revealing the
presence of nearby impurities, defects, strain, or electri-
cal fields, with a sensitivity and resolution unattainable
using other techniques.
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