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We present a study of the luminescence and resonant Raman scaniering { RRS ) by optical phonons which are due o excitons
hound to isoelectronic nitrogen impurities in GaP and in GaAs, P, . The exciton bands arc inhomogenecously broadened. In GaP
the broadening resuits from nitrogen centers which are perturbed by other distant impurities { V-band). In GaAs P, the N-
bound exciton band reflects the random potential fluctuations in the alloy. Under resonant excitation at iquid He temperatures,
strong Raman lines are observed involving the LO, . TO, phonons and a nitrogen-induced forbidden scattering by the zone-edge
LO phonon. The LO, RRS spectrum is shown 1o be determined mainly by the density of terminal states, namely. those N-bound
excitons which do not tunnel to other sites within the A-B thermalization ume. In GaP. this RRS shows a resonance which is
strong in the V-band but is essentially missing at the peak of the A-line. This is interpreted as an indication of a fast dephasing

rate within the A-line duc to resonant transfor, as compared to slow tunneling between the perturbed centers,

1. Introduction
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The spectroscopic properties of excitons bound to 18- o |
oelectronic N impurities in GaP are well known [ 1], The T B-Lop fo) TL7K n
1S state 1s split by e-h exchange into an upper J=1 statc ok / \ I
and a lower J=2 state. The corresponding transitions are 3 ) vl !
designated A and B lines. The former is dipole altowed ; | Gxo%n ;
and the latter forbidden. Typical spectra are shown in fig. = b ! |
1. The different symmetry of the two states results m dif- Z } B-T0p / A
ferent coupling to optical phonons. Both the /=1 and /=2 g / \’\ )\ v-Thy /
states couple to TO, and LO, phonons. However, only ; “// \J\\ . ‘__“//'\x\ - U
the J= 1 state couples strongly to the LOy phonon. This S b S N W3 U SR B
can be clearly observed in the photon sideband spectrum AT
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associated with either the A or the B lines. W lla-Lo, |

Molenkamp and Wicrsma {2] have measured by pho- | }*
ton-echo experiments the decay time of the /=1 into the i: f E 5
J=2 state: 7.,,=25 ps at I'=1.5 K. At higher tempera- r f'v L
tures. N-bound exciton thermalization into the free exci- - ! A-Thy /V
ton band contributes to the dephasing rate. The radiative i M {' A-TOw / // '
lifetimes of both the J=1 and J=2 states are very long - w«.\w P et |
compared to the inverse dephasing rates between these s 2.2‘7 2;9 -3 ]30 S ; e

two states [3].
1.2, Spatial perturbations of N-hound excitons

We consider two types of microscopic environments of
the nitrogen impurity which affect the properties of the

bound exciton. In GaP. distant background impurities
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Fig. I. The luminescence spectra of nominally undoped GabP: N,
At 1.7 K the emission is due mostly 1o excitons in the /=2 state
(B-linc). while at 4.2 K the /=1 emission dominates. Note the
different optical phonons sidebands.
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perturb the N-bound exciton and increase its binding en-
ergy. This results in a broad emission band (*“V-band”)
below the A, B lines (which are due to unperturbed nitro-
gen centers) {4]. In nominally undoped GaP. the density
of such perturbed nitrogen centers is at least two orders
of magnitude smaller than that of the unperturbed centers.

In GaAs P, _, the random distribution of As and P at-
oms sets up a random potential distribution which affects
the binding energy of the exciton [5]. The resulting den-
sity of N-bound exciton states is Gaussian. In both cases
of GaP and GaAs.P, _,, the N-bound exciton retains its
splitting into J=1, 2 states as that of the unperturbed ex-
citons in GaP [4.6]. The relative oscillator strengths of
the corresponding A’ and B’ lines {obtained by selective
excitation) is similar to those of the unperturbed exci-
tons, as evidenced by their radiative lifetimes.

2. Experiment

RRS by optical phonons in nominally undoped GaP and
in several GaAs P, _, crystals has been observed at T=2
K. Excitation was done with a dye laser operating either
CW or in a cavity-dumped mode {with 7 ns pulse width).
Fig. 2 shows a series of RRS spectra of GaP excited above
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Fig. 2. Resonant Raman scattering spectra excited above the A-
line {a. b}, into the A-line (¢) and into the V-band (d-f}. Lines
1.2, 3 correspond to TO,-, LOx and LO,. respectively.
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Fig. 3. The energy dependence of the RRS cross section for the
three optical lines.

the A-line (a and b), at resonance with the A-line (¢) and
into the V-band (d-f). The lines marked 1. 2, 3 corre-
spond to RRS by TOr. LO, and LO; phonons. respec-
tively. Fig. 3 shows the intensity of each of these RRS lines
as a function of excitation energy in the spectral region of
the A-B lines and the V-band.

Fig. 4 shows a typical spectrum of GaAs, P, gy N se-
lectively excited into the N-bound exciton band. Under
pulse excitation the RRS lines (designated -TO etc.) fol-
low the laser time dependence while the rest of the spec-
trum has a long ( = 2 ps) lifetime [6]. Similar spectra are
observed for other crystal compositions.

3. Discussions

We now consider the RRS by the LO« phonon which is
induced by the N-bound excitons. Since only the J=1 state
couples to this phonon, the RRS matrix element can be
written as follows:

Ky(Ee E)=
(8 I P AT=1, 30, 1
X (=1 M) I [ Hy [ (J=1, M), 000
X{(J=1M)),0¢1P; (8 0+
X E,—E +il'WE,—E,+il]™! {1
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Fig. 4. A typical emission spectrum of GaAs,,.Poog N excited
into the N-bound exciton band.

E(E.) 1s the incoming {(outgoing) photion encrgy,
Fo—L =ho. E, isthe energy of the (J=1, A/,) statc of
the N-bound exciton. g is the crystal ground state. 1 1s
the damping factor which is a measure of the dephasing
rate of the J=1 states including the RRS, For isolated N-
bound excitons. at 7'=0. the damping rate is determined
by the A-B thermalization rate:

I o=1/nc1.,=0.03 meV. (2)

When we introduce resonant tunneling between states with
cqual energy, or phonon-assisted tunneling into sites with
lower encrgy. the damping factor becomes:

I=(/meylit g+ 1/t (3)

/7, ts the tunneling rate. It depends on the spatial sepa-
ration between the participating sites as well as on their
energies [ 7]. The density of all N-bound excitons can be
subdivided into subsets with different damping factors:

~

| "y dr.
7.

- (4

pUE)
The density of states with the lowest value of /7 is just that
of'terminal states, namely, those from which no tunneling
occurs within 7., [8]:

Pl E)=p(E. T ) . (5)

Then. the RSS cross section is given by [9]:

il EL)= | dE | AT 1Kl B E)PpUES.T)
=CdE, | Al Tp(ECDIE —E) +T2]. (6)

In the constant (" we have lumped together all the terms
which arc independent of the energies £ and E,. If we

ergy ) and the LO RRS spectrum, Also shown are the density of
N-bound excitions (N band) extracted tfrom the transmission
spectrum and the part due to intrinsic ¢xcitons.

now assume that the major contributing to the scatiering
comes only from terminal states then
Fr;/)u( E.\ )

GOl Eg~C | dE, ( CxpEY

; 3 (7%
E—-E)-+T;

Fig. 5 shows a,,. () normalized to the samce peak value
as the spectrum of the B’ line intensity which measures
the density of terminal states. The two curves are vir-
tually identical. This corroborates the underlying as-
sumption of eq. (7).

The situation for GaP:N is more complex. The o,
spectrum (fig. 3a) peaks below the A-line. Actually, un-
der resonant excitation into this line (fig. 2¢). the optical
phonon sidebands are identical with the spectrum ob-
served under above gap excitation. Also. the intensity of
these sidebands is only twice as strong as the RRS lines
obtained by selective excitation into the V-band. There-
fore, the contribution of the A-line to the LO RRS is
much smaller than that expected if all N-bound excitons
were isolated. The majority of nitrogen impuritics are
sufficiently close to cach other that they introducce large
dephasing rates duc 1o resonant tunneling.

4. Summary

We have shown that RRS by LO« phonons which is in-
duced by excitons bound to N impuritics is a sensitive
tool for differentiating between transferring and non-
transferring (terminal) states. Our results indicate that in
GaP:N, the photon echo signal, reported in ref. [2]. s
also due to the subset of terminal states. An outstanding
problem is the observations of the tunneling rates be-
tween the transferring states.
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