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ABSTRACT

In this paper, the technique of photoluminescence was used to study the coupling
between nitrogen-bound exeitons and phonons in GaP:N in the temperature region 15—
80 K. Several samples with different nitrogen concentrations were adopted. The results
of the study show that the zero-phonon line and each relevant one-phonon line from one
NN; center have the same temperature dependence, this is consistent with the Huang-
Rhys’ multiphonon light transition theory. Every one of the 8 factors is independent of

temperature.

I. InTrRODUCTION

Isoelectronic impurity N can introduce a series of bound exciton states in GaP:N
material, These states are associated with an exciton bound to an isolated N site or
an N—N pair with different spacings. Usnally the zero-phonon emission lines arising
from the radiative recombination of the bound excitons were labeled as A or NN;
(i1=1,2,--+,10) in the spectrum'™. Owing to the fact that the potential of the
isoelectronic traps are strongly localized, the bound excitons may quite uniformly
couple over the whole range of phonon wave vectors in the Brillouin zone. Thus,
besides the zero-phonon line, various phonon sidebands would appear in the emission
spectrum.

From the study on temperature-variational photoluminescence in GaP:N, H.
Chang et al."™® have found that the thermal quenching law of the LO" phonon
sideband is fully different from that of the zero-phonon line for the NN; cengers;
the ratio of their integrated intensities depends on the temperature strongly and
the ratio could vary with temperature in two orders of magnitude. Meanwhile they
also obtained the same results for GaAs, ,P.:N and Ga,In, ,P:N at some compo-
sitions. W. Zhang et al®). also observed a similar phenomenon in GaP:N. Such
phenomenon contradicts the well-knoun multiphonon light transition theory. Since
this theory was advanced by K. Huang and A. Rhys™ and S. Y. Pekhar®™ sepa-
rately in 1950, it has found wide applications to various fields of solid spectral
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work!®”), Tt also has been used in the investigations of the bound execiton lumines-
cence produced by isoelectronic centers in ITI-V compound semiconductorst®®. Accord-
ing to the theory, the strength of the electron-phonon coupling may be expressed
by a temperature-independent parameter S, known as the Huang-Rhys factor. But
the above-mentioned results have shown that one could not get a temperature-inde-
pendent S factor in GaP:N. It is worthwhile investigating the problem further.

In this work, the temperature-variational photoluminescence in GaP:N samples
with different nitrogen doping levels have been studied in the range of 15—80K.
By means of tracing identification of the concerned speetral lines with changing
temperature and making some calculations, we have observed that, for all NN;
center, the LO™ phonon sideband has the same temperature relation as the zero-
phonon line in the temperature region considered. For every one of the phonon side-
bands, a temperature-independent S factor can be determined,

1I. ExpErRIMENTAL CONSIDERATIONS

The experimental system for this work is shown schematically in Fig. 1. Sam-
ples were set in the sample cell of CSA-202E refrigerator. Both the temperature
control and indication are within the acenracy of 05K, An YJ-3 Ar® lager was
used as the excitation source, of which the power measured was about 4 mWi? and
mainly at 4880A. The excitation power was monitored and its fluctuation was
within 5% through the experiment. The laser beam modulated by a chopper was
focused on the sample with a diameter of nearly 0.2mm by using a lens. The
illumination sport was imaged onto the entrance slit plane of a GDM-1000 grating
double monochrometer. After being dispersed, the luminescence was detected by
cooled (31034 photomultiplier and PAR124A lock-in amplifier, then recorded by a

recorder. The spectral resolving ability was about 1 em™.
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Fig. 1. Block diagram of experiment system for low-temperature photoluminescence.

In the experiment, we adopted three samples with different nitrogen concen-
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trations, 2.0 X 10®em™ for HG-1, 24 X 10®em™ for SG-1 and 1.0X10%cm™ for
G4-Y. The concentrations were determined with the optical absorption method™.

The calibrations of spectral response were carried out for all the spectra and
calculations in this paper. The calibration method was to make a total calibra-
tion for the total system with a standard lamp whose colour temperature was
known.,

ITI. ExeEriIMENTAL RESULTS AND ANALYSFS
1. Identification of Spectral Lines

Fig. 2 is a low-temperature photoluminescence spectrum of GaP:N with low
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Fig. 2. The photolumineseence spectrum of exeitons bound
to isolated N traps'™.

nitrogen concentration given by Ref. [1]. The spectral lines were produced by excitons
bound to isolated N sites. Fig. 3 shows the photoluminescence spectra of sample
SG-1 at different temperatures, the phonon sidebands were marked according to
the phonon energies published in some references, The values of the phonon energies
we have obtained are listed in Table 1, which are in quite good agreement with
those presented by Ref. [1, 9, 13, 14]. From Figs. 2 and 3, we can sce that
the spectral structure of certain NN; center is mueh the same as that of the
isolated N center, besides the LOT, TAX, LAX, TO" phonon sidebands, another spec-
tral line A-X or NN;-X appears at the energy position 14 em™ higher than the
LOT™ sideband for all of them. The origin of this line is still unclear for the time
being. We have labeled the doublet (NN;-LO" and NN,;-X) as NN} and the corre-
spondent S factor as §*. Also we have observed the phonon sideband corresponding
to the local model for NN, and NN, centers.

Table 1
Phonon Energies in GaP:N (Unit: meV)

Phonon LO" TAX LAX TO" X LOG, LOC;s

Energy 50.1£0.1 | 18.3£0.2 | 26.710.4 | 45.41+0.1 | 48.41+0.1 | 61.240.2 | 61.5%0.1
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2. Analyses and Calculations

According to the multiphonon light transition theory"?, the probability of light
transition between initial and final electronic states accompanied by the emissiom
of p phonons of energy hw is given by

= /2 -
Py = (PR eseror (o8 VG + 1)), (1)

where I, is a Bessel function of order p and imaginary argument, 7# is the statis-
tic average phonon numbers, &= 1/(e?*T —1), 8§ is the so-called Huang-Rhys
factor.

For the ecase of §a(s + 1) < 1, that is, for weaker coupling and lower tem-
peratures, Expression (1) may be simplified as

Fpoce™?g" [ p! (2)
where g = 8(1 + 7), thus the intensity ratio of the one-phonon line to the zero-
phonon line becomes

R =g=S8(1+ #a). (3)

= o

If a1, we have R =S, then ratio E is almost a temperature-independent
guantity. In the concerned temperature range (7 < 80 K), #iof < 107°, it was
unnecessary to consider the variation of # for LO' phonon, but this factor must be
considered for TAX and ILA¥ phonons.

According to the results in earlier investigations, the Sf for ¢+ =4, 5, 6 could
change with temperature in two orders of magnitude, and reach a maximum at
about 50 K, their values could exceed 20. Our analyses and calculations show that
such an abnormal temperature dependence on 8§, SF and S¥ is caused by improp-
er identification of the spectra. One can see from Fig. 3, many spectral lines includ-
ing NNF, NN¥, NN¥, NN,-TAX, NN,-LAX, ete. lie within a region of 250 cm™
below the NN,, the intervals between them are less then 20 em™ for some of them,
being easily mixed up. At low temperatures, NN,, NN; and NN; are stronger, so
NN¥, NN¥ and NNF¥ are also stronger and the total integrated intensity in the
spectral region of our concern is mainly determined by them. With inecreasing tem-
perature, the intensities of NN,, NN; and NN; quench quickly, the intensity of
NN, does not quench but increases rapidly due to exciton transfer from shallower
centers to it™, and the intensities of NN;-TAX and NN,-LAX also inerease. <o the
total integrated intensity in this region is gradually dominated by the TAX* and
LAX phonon sidebands of NN,;. While temperature is somewhat higher (T > 50 K),
the intensities of NNF, NNF and NN are negligible as compared with that of the
NN;-TAX and NN,;-LAX, As a result of severe temperature broadening of spectral
lines, the intensities at the positions corresponding to NN;*, NN and NN; are con-
tributed by the NN;—TAX* and NN;—LAX practically when the intensities of
NN;, NNyand NN; are very weak. In this case, it is difficult to separate out the
proportions corresponding to NN, NN} and NN¥. In fact the maxima of SF, §*
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and 8F shown in Ref. [12] are relative to the process in which the intensity of
NN; goes up due to exciton-accepting transfer and falls down due to its thermal
quenching, also to the contributions of rapid decrease in NN;, NN; and NN; inten-
sities with increasing temperature. We have made a calculation on the ratio of
NN,—LAX line to the zero-phonon line of NN,. The ratio exhibited a maximum at
about 55 K with a value about 22, This was just consistent with the results in
Ref. [2]. Otherwise, we can also pay attention to the results in Refs. [2, 3],
where NN,, NN¥, NN¥, NN¥ and NN almost possess the same value of thermal
activation energies and preexponential factors. According to the identification and
analyses for the spectra we have made above, such results just reflect the thermal
quenching law of NN; center. It only proves that the zero-phonon line of NN, has
the same temperature relation with its one-phonon sidebands.

Figs. 4—6 show the results of &, STA¥, 814X and §X at different temperatures
for three samples. Within the experimental and calculating errors, these parameters
are independent of temperature. Table 2 summarizes the § factors corresponding to
various phonon sidebands for each NN; center in the three samples. S§F, S¥ and
S¥ were derived from low temperature spectra (T < 20K), STA* and SY* were
derived from the spectra at higher temperatures (7 > 7T0K). ’

In the range of 20K << ' << 70 K, for the spectral region referred to above,
the spectral line overlapping due to the thermal broadening made it difficult to get
those S factors directly. We have calculated the total intensity @(7) in the region
at different temperatures. On the basis of the above identification for the spectra,
@(T) includes NN¥ (4 = 4—7) and NN,—TAX, NN,—LAYX, that is

O(T) = IF + I + IF + I + I + I3,
In the mean time, we are able to give @'(T), here
Q(T) =14 - 8 + 13- S¥ 4+ 10+ S¥ 4+ I3 - 8*+ I§ - STA% . (1 + 7ig%)
A+ 15 - A% . (1 + X)),

where I? represents the zero-phonon line intesity of NN; center. Theoretically, the
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ratio K = ¢’/ is always equal to 1 at any temperature. We have got the values
of K at various temperatures for the three samples as shown in Fig. 7. We can
think K = 1 within the errors. Such a result means that our identification for the
spectra is reliable and the various S factors do not vary with temperature.
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Fig. 6. The S~T relations of NN;, NN; Fig. 7. The E~T relations in samples
in sample G,—Y. HG-1, G8-1 and G,-Y.
Table 2
Huang-Rhys Factors in GaP:N
Sam;{é‘"‘{ 8t | STAT | sAY | gboc | gr | gTAY | gAY | groc | gt | sy
HG-1 0.20 0.42 0.26 0.03 0.27 0.33 0.26 0.03 0.29 0.27
8G-1 0.23 0.46 0.30 0.04 0.26 0.37 0.27 0.03 0.29 0.29
G,-Y 0.19 0.38 0.21 0.03 0.17 0.31 0.21 0.02 0.29 0.31

Migliorato et al®? and Wolford et al® had proposed that the transitions
assisted by large-momentum phonons, e.g. TAX and local model, would get stronger
with respect to the zero-phonon line for increasing nitrogen concentration. They
explained such a phenomenon as a delocalization of the wave funetion in real
space, One can see from Table 2 that each § factor we have obtained are independent
of nitrogen concentration on the whole. The enhancement on the phonon sidebands
of NN, center observed by them is more likely due to impurity effect.

IV. Concrusions

From above analyses and calculations, three conclusions can be drawn.

(1) In GaP:N, the coupling between bound excitons and phonons is weaker.
For all NN; centers, their 8 factors are smaller than 0.5. The coupling strength of
bound excitons with a certain kind of phonon does not vary seriously from one center
to another.

(2) There are similar speectral structures for all NN, centers, The emission
spectrum for each NN; center is mainly composed of the zero-phonon line, LO",
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TA",. LAY phonon sidebands and NN;—X band.

(3) The zero-phonon line has a same temperature relation with correspondent
one-phonon sidebands, which is consistent with the Huang-Rhys multiphonon light
transition theory. The various § factors we obtained are independent of tempera-
ture.

The authors wish to express their thanks to Prof. Wu Boxi and Prof. Liu
Shiyi for their encouragement in this work.
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