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Time-resolved photoluminescence (TRPL) was applied to investigate the transient process in GaP1�xNx (x =
0:12%) alloy. The �lling, transferring and decay processes among nitrogen pairs are directly observed. The NN4

pair, either not present or only a small obscure peak under a proper excitation condition in the steady-state

photoluminescence spectrum, is well resolved by TRPL.

PACS: 78. 47.+p, 78. 55. Cr, 73. 50.Gr

GaP1�xNx alloys, or referred to as heavily nitro-
gen doped GaP in some articles, are known for their
\Giant bowing e�ect" along with other modi�cations
to the band structure and have attracted increasing
studies not only for their theoretical interests but
also for their potential applications in optical devices,
such as light-emitting diodes (LEDs) and violet laser
diodes.[1�7] The conventional nitrogen-doped GaP is
usually referred to as isoelectronic impurities in semi-
conductors that can date back to a research �eld more
than thirty years ago.[8�13] Since the large di�erences
in lattice structures (GaP:zincblende, GaN:wurtize)
and the limitation of growth techniques, the doping
level of nitrogen was diÆcult to exceed 1019 cm�3,
i.e. the dilute doping limit. Recently, some new
growth techniques under nonequilibrium conditions
have made it possible to successfully incorporate high
nitrogen into GaP. Miyoshi et al.

[2] obtained 4% in
GaP1�xNx, using metalorganic vapour phase epitaxy
(MOVPE). Baillargeon et al.

[3] reported up to 7.6%
N incorporation into GaP by molecular beam epitaxy
(MBE), corresponding to 1:9�1021 cm�3 nitrogen con-
centration. Bi and Tu[4] showed that as high as 16% N
incorporation into GaP can be achieved by gas-source
molecular beam epitaxy (GSMBE), which is the high-
est N concentration reported previously.

At very low N concentration (� 1016 cm�3), an
isolated N introduces a highly localized state in GaP.
With increasing N concentration, N forms a set of
bound exciton NNi (i = 1; 2; � � � 10) pairs, which ex-
hibit a number of sharp lines with phonon replicas in
photoluminescence (PL) spectra. Further increasing
N concentration, the bound exciton PL bands evolve
into a broad emission band, whose energy exhibits a
signi�cant red shift, i.e. a band gap reduction.[14;15]

Several models have been developed to explain the
band gap reduction. A phenomenological model, the

so-called \band anti-crossing" model suggests that the
primary e�ect of nitrogen doping is to cause a re-
pulsion between the isolated nitrogen level and the
� conduction band edge.[16�18] However, the absorp-
tion spectrum of Zhang et al.

[14;19] indicated that the
peak positions of nitrogen pair states barely move
with respect to the dilute limit, but they strongly
broaden and merge with each other, which unam-
biguously disapprove the N-� repulsion suggested by
the band anti-crossing model.[16] Another suggested
mechanism for the band gap reduction is the impu-
rity band formation of the nitrogen bound states.[14]

All existing experimental data of GaP1�xNx seem to
indicate the weak role of any perturbed host states in
the band edge absorption, and instead point to the
formation of an impurity band from various nitrogen
bound exciton states.[8;9;20�22] However, recent theo-
retical calculations[23] claimed that the nitrogen impu-
rity states can not interact suÆciently so as to broaden
and form an impurity band, and the band gap reduc-
tion is due to the host state \plunging down" as a
result of nitrogen perturbation.

One of the signi�cant phenomena in GaP1�xNx is
that, with increasing N concentration, the sharp lines
due to nitrogen pairs at the higher energy side broaden
and quench sequentially in the order of increasing en-
ergy. At the same time, a broad emission band arises
at the lower energy side of the NNi line. The selec-
tive excitation PL spectrum of Zhang et al.

[14] reveals
that the states in the broad emission band are nothing
but nitrogen bound exciton states with di�erent lo-
cal environments. Such a phenomenon is interpreted
as carriers transferring e�ect, from the higher energy
side of nitrogen pairs to the lower energy side, and has
been identi�ed during the thermal quenching process
or by the intensity-dependent PL spectrum,[10;11] but
not been directly observed yet.
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In this Letter, time-resolved photoluminescence
(TRPL) was applied to investigate the transient pro-
cess in GaP1�xNx (x = 0:12%) alloy. The �ll-
ing, transferring and decay processes among nitro-
gen pairs are directly observed. The NN4 pair, either
not present or only a small and obscure peak under
a proper excitation condition in the steady-state PL
spectrum, is well resolved by TRPL.

The GaP1�xNx sample was grown on a (100) GaP
substrate by gas-source molecular beam epitaxy. For
the GaP bu�er layer, the growth temperature was
640ÆC, For GaPN epitaxy layer (250 nm in thickness),
the growth temperature was decreased to 520ÆC to in-
corporate N. The sample was mounted in a CSA-202E
closed cycle cryostat with the temperature changed
within 15{80K.

Fig. 1. Rising and decay process of NN3 bound exciton
pair in GaP1�xNx (x = 0:12%) at 15K with the detected
wavenumber set at 18250 cm�1.

Fig. 2. (a) Steady-state PL spectrum of GaP1�xNx
(x = 0:12%), excited by cw Ar+ laser. (b) TRPL spec-
tra of GaP1�xNx at 15K, demonstrating the transferring
e�ect of carriers. The delay time is labelled in Fig. 1.

For the steady-state PL measurement, the
514.5 nm line of a cw Ar+ laser was used as the ex-
citation source. A pulsed Nd:YAG laser operated at

532 nm with 30Hz repetition rate, 5-ns pulse FWHM,
and about 20 kW peak power was applied for the
TRPL and lifetime measurement. The signal was col-
lected and analysed by a 1.0-m GDM-1000 double
grating monochromator, a cooled C31034 photomulti-
plier and a PAR124A lock-in ampli�er (for steady-
state PL measurement), a 165Boxcar averager (for
TRPL and lifetime measurement).

Fig. 3. TRPL spectra of GaP1�xNx (x = 0:12%) at 15K,
displaying the �lling process of carriers during excitation.
The monitored time is labelled in Fig. 1.

Figure 1 shows a typical rising and decay spec-
trum of GaP1�xNx with the detected wavenumber
set at 18250 cm�1. To measure the TRPL spectrum,
the peak in the spectrum shown in Fig. 1, where the
excitation procedure ceases, is de�ned as zero time,
i.e. the starting reference time for the TRPL spec-
trum. With a set of delay times, the TRPL spec-
tra are shown in Fig. 2 together with a steady-state
PL spectrum for comparison. As shown in Fig. 2(a),
the NN4 bound exciton pair does not appear in the
steady-state PL spectrum, although its absorption en-
ergy level has been identi�ed in the photoluminescence
excitation (PLE) spectrum,[14;19] (in Ref. [14] the NN4

bound exciton pair is shown as a small and obscure
peak, with proper excitation energy adjusted). How-
ever, in the transient PL spectra as shown Fig. 2(b),
the �ne structure of NN4 pairs is clearly observed
and its peak position keeps stable as compared with
the energy position at lower nitrogen concentration
GaP1�xNx alloys.[14;15] Thus, this fact, in coherent
with the PLE result, further disapproves the band
anti-crossing model, in which an N-� repulsion is
predicted.[16] From the TRPL spectra, one can also
observe the di�erent decay and transferring speeds
of di�erent NNi pairs. Apparently, NN4 has a decay
speed larger than NN3 and NN1, and carriers transfer
from the NN4 level to lower energy levels during their
decay process, leading to comparatively enhanced in-
tensities of lower energy levels, which can be clearly
seen from the PL spectrum at 8-ns delay time. After
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47-ns delay, the NN4 can hardly be observed in the PL
spectrum. On the contrary, the NN1 has little change
in intensity with the delay time, and gradually domi-
nates the luminescence. After 97-ns delay, the pro�le
of the transient PL spectrum is very similar to that of
the steady-state PL spectrum.

To examine the �lling process of carriers during
excitation, two points before the zero time are set to
monitor the PL spectra at 15K, as shown in Fig. 3.
The �lling process of carriers displays a reverse proce-
dure as compared with the decay process, i.e., a \last-
in-�rst-out" procedure. The luminescence of NN4

pairs is very weak at the beginning of excitation, but
gradually enhanced with the �lling of NN1 and NN3

pairs in sequence. The �lling process is further identi-

�ed by the excitation-intensity-dependent PL spectra,
as shown in Fig. 4, with the sequential saturation of
NN1 and NN3 pairs, the intensity of NN4 pairs grad-
ually increases and displays �ne structure.

With increasing temperature up to 60K, the more
active thermal quenching speeds up the transferring
process from NN4 to NN3 and NN1 pairs as revealed
in Fig. 5, from which one can clearly see the trans-
ferring process almost ends up around 20 ns and is
much faster than that at 15K (see Fig. 2). It is be-
lieved that the transferring e�ect is responsible for the
much longer lifetime of NN1 than that of NN4, whose
lifetime can be roughly used for estimating the trans-
ferring time, as shown in Fig. 6.

Fig. 4. PL spectra as a function of ex-
citation intensity in GaP1�xNx (x =
0:12%) at 15K.

Fig. 5. TRPL spectra of GaP1�xNx
(x = 0:12%) at 60K.

Fig. 6. Lifetime as a function of
detected wavenumber in GaP1�xNx
(x = 0:12%) at 15K.

In summary, using TRPL, a useful tool for study-
ing the transient PL spectra in GaP1�xNx (x =
0:12%) alloy, not only the excitation process but also
the transferring and decay processes among carriers
can be e�ectively studied. The NN4 pair, either not
present or only a small and obscure peak under a
proper excitation condition in the steady-state PL
spectrum, is clearly observed in the transient PL spec-
trum. The �lling and decay processes of NN4 pairs are
completely reverse to that of NN1 pairs. Moreover, the
transferring time between NN pairs can be roughly
estimated by the lifetime of NN4 pairs. The phe-
nomenon further disapproves the N-� repulsion pre-
dicted by the band anti-crossing model.

References

[1] Weyers M, Sato M and Ando H 1992 Jpn. J. Appl. Phys.
31 L853

[2] Miyoshi S, Yagchi H, Onabe K, Ito U and Shiraki Y 1993
Appl. Phys. Lett. 63 3506

[3] Baillargeon J N, Cheng K Y, Hol
er G E, Pearah P J and
Hsieh K C 1992 Appl. Phys. Lett. 60 2540

[4] Bi W G and Tu C W 1996 Appl. Phys. Lett. 69 3710
[5] Yaguchi H 1998 J. Cryst. Growth 189/190 500
[6] Bellaiche L, Wei S H and Zunger A 1997 Phys. Rev. B 56

10233
[7] Liu X, Bishop S G, Baillargeon J N and Cheng K Y 1993

Appl. Phys. Lett. 63 208

[8] Thomas D G, Hop�eld J J and Frosch C J 1965 Phys. Rev.
Lett. 15 857

[9] Hop�eld J J, Dean P J and Thomas D G 1966 Phys. Rev.
158 748

[10] Zheng J S and Yong Zhang 1986 Sci. Sin. A 29 862
[11] Zheng J S and Yen W M 1988 J. Lumin. 39 233

[12] Bouma T, Scholten A J, Zondag H A, Luijendijk T and
Dijkhuis J I 1994 Phys. Rev. 49 1720

[13] Zhang Yong and Ge W K 2000 J. Lumin. 85 247

[14] Zhang Y, Fluegel B, Mascarenhas A, Xin H P and Tu C W
2000 Phys. Rev. B 62 4493

[15] Gao Y L, Lu Y J, Zheng J S, Zhang Y, Mascarenhas A, Xin
H P and Tu C W 2003 Chin. J. Semiconduct. 24 476 (in
Chinese)

[16] Shan W, Walukiewicz W, Ager III J W, Haller E E, Geisz
J F, Friedman D J, Olson J M and Kurtz S R 1999 Phys.

Rev. Lett. 82 1221
[17] Shan W, Walukiewicz W, Yu K M, Wu J, Ager III J W,

Haller E E, Xin H P and Tu C W 2000 Appl. Phys. Lett.

76 3251

[18] Wu J, Shan W and Walukiewicz W 2002 Semicond. Sci.

Technol. 17 860

[19] Zhang Y, Fluegel B, Hanna M, Duda A and Mascarenhas
A 2001 MRS Fall Proceeding (Boston: Material Research
Society) vol 692 p 49

[20] Miyoshi S, Yaguchi H, Onabe K, Ito R and Shiraki Y 1994
J. Cryst. Growth 145 87

[21] Yaguchi H, Miyoshi S, Arimoto H, Saito S, Akiyama H, On-
abe K, Shiraki Y and Ito R 1997 Solid State Electron. 41
231

[22] Buyanova I A, Pozina G, Bergman J P, Chen W M, Xin H
P and Tu C W 2002 Appl. Phys. Lett. 81 52

[23] Kent P R C and Zunger A 2001 Phys. Rev. Lett. 86 2613


