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Optical transitions in the isoelectronically doped semiconductor GaP:N: An evolution
from isolated centers, pairs, and clusters to an impurity band

Yong Zhang; B. Fluegel, and A. Mascarenhas
National Renewable Energy Laboratory, Golden, Colorado 80401

H. P. Xin and C. W. Tu
Department of Electrical and Computer Engineering, University of California, San Diego, La Jolla, California 92093
(Received 7 February 2000; revised manuscript received 6 April)2000

In heavily nitrogen doped GaP, we show how isoelectronic doping results in an impurity band, and how this
is manifested as a large band-gap reduction and an enhanced band-edge absorption. Heavily doped GaP:N or
GaR, _ N, exhibits properties characteristic of both direct and indirect gap semiconductors. Exciton bound
states associated with perturbed nitrogen pair centers and larger GaN clusters are observed. This paper indi-
cates that to properly describe the properties of an impurity band, a hierarchy of impurity complexes needs to
be considered. Our data also suggest that the excitonic effect plays a role in the impurity band formation and
band-gap reduction.

. INTRODUCTION doped semiconductors rather than as alfdy8:?’Within the
framework of heavily doped semiconductors, the abnormali-
The electronic and optical properties of heavily dopedties can be viewed as trivial consequences of impurity band
semiconductors have been very extensively studied. Howformation, as in the cases of nonisovalent doping. In fact,
ever, the focus has mainly been on the nonisovalent impurithese semiconductors serve as ideal systems for investigating
ties that usually behave as donors or acceptdiBonors or  impurity band effects without the complications encountered
acceptors generate a series of hydrogenlike bound states iim charged doping systems.For instance, we were able to
the host semiconductor. Thus, heavy doping results in thexperimentally obtain the variation of the electron effective
formation of an impurity band located below the intrinsic mass as a function of doping level resulting from the impu-
band gap of the host, which effectively reduces the band gapty band effect in heavily doped GaAs{N.For charged
and brings about many other interesting phenomena, such adpping systems, such an effect has only been discussed
the so-called Mott transition. On the other hand, a host semitheoretically*?
conductor with isoelectronic impurities is typically viewed as ~ GaP:N is perhaps the most well-studied isoelectronic im-
an alloy? In the dilute limit, the effect of isoelectronic im- purity system in the impurity limit-*' Compared to
purities is negligiblé' as long as the impurity does not intro- GaAs:N, that is the most intensively studied system for the
duce a bound state. There are, however, a few interestingast few years, GaP:N has not only a large doping range for
cases in which isoelectronic impurities do generate bounthe impurity limit (~10°-207°cm™3) but also a relatively
states. These bound states can be either donofbkg., high-critical concentration for the formation of the impurity
GaP:Bi and CdS:Teor acceptorlike (e.g., GaP:N and band?’ which makes it a unique system for investigating the
CdS:0.° The properties of these isoelectronic doped systemsnpurity band effects that results from heavy isoelectronic
have been well studied in the impurity limit, and there aredoping. At a very low-doping level[N]<10'cm™3), only
several reviews on this subjectt Although in the early one emission ling¢A line) from the exciton bound to isolated
study on isoelectronic impurities, precautions for avoidingN center is observed, together with its phonon sidebands; at
the impurity band effect were pointed odtexperimentally, a higher doping levelup to [N]~10*cm™3), a series of
the actual doping levels rarely reached the threshold for themission linegNN; lines) from different N-N pairs, appear
formation of an impurity band until recently, when the newerin an energy range-140 meV below the band gap, together
growth techniques such as molecular-beam epitaxy andith their phonon sidebandg.Recently, the deepest N-N
metal-organic chemical vapor deposition were used. Neverpair bound state, NN was shown to be observable up to
theless, a heavy doping induced redshift of the fluorescenaeoncentrations ofN]~1x10%cm™3 or x=0.4% 152°-31 At
was reported by Ateet al. in the CdS:Te system for impu- a higher N concentration, the spectrum was significantly
rity concentrations higher than 16 mole fractions;® pre-  broadened and no structures were identified. The authors of
sumably due to the impurity band effect. Refs. 15 and 29 concluded that for-0.4%, GaR_,N, re-
Owing to various potential device applications, in the pastmained an indirect gap semiconductor alloy, based on the
few years, heavily doped GaAs:N, GalnAs:N, InP:N, andfact that the luminescence efficiency decreased with increas-
GaP:N have attracted a great deal of attention. The physicahg N doping and the absorption edge exhibited the charac-
properties of these systems have frequently been describeeristic energy dependence of an indirect gap semiconductor
by viewing them in the framework of alloy$72° Thus, the (i.e., the square dependeic@he band-gap reduction and
N-induced large band-gap reduction and giant bowing obbowing were explained by a dielectric theory of
served in these systems have led to the perception that theyectronegativity> Later, the authors of Refs. 30 and 31
are abnormal alloys. However, we have recently pointed oupointed out that the fox>0.4%, N-doped GaP could be
that these systems are more appropriately viewed as heaviljewed as a GaP ,N, alloy, and that the origin of the band-
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gap reduction was the impurity band effect arising from theformed at 4 K, using a liquid Helium Dewar and a Spex
isolated N center. This idea was further examined by using @70M spectrometer with a charge coupled detector.
tight-binding model calculatiof which concluded that the

newly formed conduction band had indirect gap character.

Very recently, with improved sample quality, we obserfed IIl. RESULTS AND DISCUSSIONS

that for N-doped GaP samples with a doping levbktween

1% and 3%, the room temperature absorption edge appeared Figure 1 shows the PL spectra for samples wih

to have the characteristic energy dependence of a direct gap0.9%. Up to the highestvalue, PL spectra for all samples
semiconductor(i.e., the square-root dependejpcand that in this group contain some identifiable fine structure. As
these samples luminesced strongly even at room temperghown in Fig. 1a), these spectra reproduce a well-known
ture. Also, a pseudopotential supercell calculafiandicated  trend which is that the dominant emission shifts to lower
that the band structure of the GaRN, alloy changed from  energy with increasing, due to the exciton transfer effet.
indirect to direct at a critical composition of.=3%, and  The insert of Fig. {a) is a PL spectrum for the nominally
that the interband transition matrix element continued to in'undoped Samp'e that actua”y has a residua' dop|ng |eve|
crease untik~10%. Since the lowest N-N pair state is NN astimated to be-10t7cm™3. The A line as well as several
and not the isolated centé our paper reveals that the evo- NN transitions can be observed simultaneously. With the
lution of the NN, center and the possibility of forming larger doping levelx changed more continuously over an extended
.N clusters With increased_ doping level have been 0V":'”OOkefjange, we can now follow the evolution of all the N-related
in all the previous modeling. transitions much more closely than previouSiy> 3! First,

In this paper, we follow the process of evolution of vari- - .
ous N-related optical transitions, including those associatefs shown in Fig. (b), starting from the shallower NNcen

with newly observed N bound states, in a set of samples wit ers, the PL linewidth gradually broadens and shifts to lower
X varying from 1.24<10' to 7.66x iozocm_g or from x €neray, which suggests that an intercenter interaction is tak-

~0.05% to 3.1%. Our results show that a hierarchy of Ning place with increasing, and that this interaction is easier
corﬁplexes inéludfng isolated N, N-N pairs, N-N-N triplets, t© OCcur for less localized or shallower centers. Second, the

etc., that generate different bound states, has to be includ&dnission intensity of the phonon sideband region is en-
in order to describe properly the electronic structure oflanced relative to the corresponding zero-phonon line, as
heavily doped GaP:N. shown in Fig. 1b) for NN5 and Fig. 1c) for NN;. Such an

observation has been reported before, and was explained as
the consequence of wave function delocalization, i.e., an en-
Il. SAMPLES AND EXPERIMENTS hancement of the phonon side band and a decrease in the

The GaR_,N, samples were grown ofl00) GaP sub- zero-phonon liné Interestingly, our selective excitation PL
strates with 2000 A thick buffer layers by gas-source mo-With excitation energy below the NNzero-phonon line re-
lecular beam epitaxy in a modified Varian Gen-Il system. 7Nveals that there exist real bound states in the phonon side-
elemental Ga and thermally cracked Bt 980°C were band region of the NNcenter. The results are shown in Fig.
used. High-purity N was injected throug a N radical beam 2, and will be discussed later. Thus, the observed enhance-
source(Oxford Applied Research Model MPD2bperated ment is explained as the result of an increase in the density of
at a radio frequency of 13.56 MHz to generate active Nthese bound states with increasing doping levebome of
species. For the GaP buffer layers, the growth temperaturdese bound states are likely to be pair centers under the
was 640 °C. For GaP N, layers, the growth temperature perturbation of relatively remote nitrogen centers, which
was decreased to 520 °C to incorporate N. The N composhave a similar origin as the so-call¥dband below the\ line
tion was determined by high-resolution x-ray rocking curve[which is shown in the insert of Fig.(@].3® The bound
(XRC) measurement and dynamical theoretical simulationsstates found inside the band have been shown to be per-
The epilayer thickness are 2500 A for six samples with trhed isolated N centef.Another reason for the quench-
=0.05%, 0.12%, 0.24%, 0.43%, 0.60%, 0.81%, and 7500 Ang of the NN, zero-phonon line is the self-absorption
for another seven samples wit=0% (nomina), 0.70%,  gfec8 due to the increasing NiNconcentration. Note that
0.90%, 1.3%, 2.0%, 2.3%, and 3.1%, respectlvely(400) the N-local mode sideband remains visible up to a doping
XRC measurements, theAPer!deIIoegung frln'ge.s were W?” "fevel x=0.9% with only a small energy shift, which indi-
solved _for thes_e 2500 A thick epllayers, |nd|_cat|ng .h'gh'cates that the NNstate retains most of its characters as an
crystalline quality. For the 7500 A epilayers with relatively impurity center even at such a high-doping level. The

. 0 . .
high x values &=1.3%), the epilayers were found to be quenching of those higher energy phonon sidebands of NN

partially relaxed. Photoluminescend®l) was measured ' .
with samples in a closed cycle cryostat-a10 K. The de- can also be explained as the result of absorption effect of the

tection system included a SPEX1403 double-grating sped20und states below NNThirdly, forx=0.43%, a new peak
trometer and a cooled RCA C31034 GaAs photomultiplier@PPears at 2.071 eV that does not match the energy of any
tube. The excitation source was a 532-nm laser. The typicdffown phonon sideband of NN° We tentatively attribute
power used was 10@W, corresponding to an excitation this peak to the zero-phonon liné @ N cluster(NC), most
density of~1 W/cn?. A dye laser using the R6G dye was likely a triplet, with its LO phonon sideband at 2.023 eV and
used for selective excitation PL measurements. A monolocal mode(Loc) sideband at 2.009 eV. This assignment will
chrometer was used for eliminating possible dye fluoresbe further corroborated by the selective excitation measure-
cence. Transmissiofabsorption measurements were per- ments, which will be discussed below.
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FIG. 1. (Color) PL spectra for GaP:N with low to intermediate nitrogen doping levels under above band-gap exdiafiai. spectral
range,(b) zoom-in to the higher-energy portion, afe) zoom-in to the lower-energy portion.

To further examine the origin of the transitions below thetation energiegnot shown are qualitatively similar to that
NN, line, we perform selective excitation measurement withshown in Fig. 2. For th&c=0.05% sample, included in Fig.
excitation energy well below that of the NNero-phonon 2(a), there is almost no emission except for Raman peaks.
line. Figures 2a)—2(c) show PL spectra of four samples with However, for highex samples, as shown in Fig(82—Fig.
x=0.05%, 0.43%, 0.60%, and 0.81% under two excitation2(c), beside the Raman peaks, we observe two transitions,
energieg2.1354 eV and 2.1014 gVResults for other exci- labeled as N§ and NC, together with their phonon side-
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FIG. 1. (Continued)

bands. The transition energy of NINshift on varying the (DOS) at the excitation energy. Since the DEN]? for
excitation energy, with its zero-phonon peak a few meV bepair states and the D@$N]? for triplet states, we notice
low the excitation energy and a set of phonon sidebandthat the observed ratios are close to (0.81/F43®.5 for the
similar to those of NN centers. The energy of NC transition highest-excitation energy and (0.81/0.%3%.7 for the
remains nearly stationary at around 2.07 eV on varying théowest-excitation energy, which indicates that there are more
excitation energy, but shifts slightly with increasing doping triplelike states in the lower portion and more pairlike states
level x (the shift is visible between=0.60% and 0.81% in the upper portion of the broadband. Of course, the exact
This second transition is in fact the one seen under the abovatensity dependence ordepends on many other parameters
band-gap excitation, as shown in Figcll and is attributed and processes, e.g., the transition rate and various energy-
to a N cluster with more than two N atoms. Also, we find transfer processés. In Ref. 43, possible triples centers
that the shift between the excitation energy and that of NN (NN,N with a<10 andB>10) were included in modeling
oE, is proportional to the doping level Such a shift is the PL intensity of the NNcenters; and in Ref. 44, a strong
similar to the Stokes shift between the emission and absorsymmetric broadening on the low-energy side of the; NN
tion band observed for th& line in the dilute Gap_,As,:N NN, and NN bands was attributed to NNz with «<<10
system, where the shift was explained in terms of the inhoand 8>10. However, there had not been any experimental

mogeneous broadening of the line due to the statistical
distribution of the(P,A9 configurationdi.e., a groupV sub-
lattice site can be either occupiegl & P atom or a As atom
near a single N centéf,and the very efficient exciton trans-
fer within the broadened baffdHere, it is the distribution of
the (P,N) configuration away from a NNcenter that causes
the broadening effect, and gives rise to the jNansition.

observation of discrete triplet states like NC, except for the
possibility that NN might be a triplet rather than a péf.
Also, it is worth mentioning that a new Raman pédknoted
by*) appears between the I(D and TQT') modes with an
energy of 47.7 0.1 meV whenx=0.43%.

Figure 3 shows the energy shifg, as a function of ex-
citation energy for three samples witk 0.43%), 0.60%, and

On the other hand, a sufficiently nearby fluctuation of the0.81%. SE remains nearly a constant for each sanihey
(P,N) configuration is expected to form a new discrete boundare 4.6-4.9, 5.2-5.5, and 7.5-7.7 meV, respectivéde-

state like NC with a well-defined binding energy that is side the mechanism of exciton transfer we have proposed
larger than that of NN In general, we expect that the further above, there are in fact two other mechanisms that are likely
away the states are from NNthe stronger they are per- to be the origin for the energy shift. One is the electron-hole
turbed, which is supported by thedependence of the PL exchange splitting between tile=1 andJ=2 components
intensity with different excitation energies. We find that from of the bound exciton stafd. This mechanism was used for
x=0.43% to 0.81%, the NNintensity changes by a factor of explaining the similar shift observed either in tiieband of

3.0, 5.8, and 7.8 when excited at 2.1354, 2.1111, and 2.101@aP:N in Ref. 39 or in the Nband of GaAs_,P, :N in Ref.

eV, respectively. Under low-excitation density, the PL inten-46. However, considering the fact thak the exchange split-
sity is expected to be proportional to the density-of-stateging remains nearly a constant of 0.8 meV, whereas the ex-
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FIG. 3. The energy shifSE as a function of the excitation
energy and composition.

citon binding energy varies more than 130 meV from #e
line to NN, (ii) E does not change with varying excitation
energy for a fixed N compositior, but (iii) changes with
varyingx for a fixed excitation energy or binding energy, we
may exclude the exchange splitting as the origin of the ob-
served shift. The other possible mechanism is the epitaxial
strain experienced by the GaRN, layer on GaP. Such a
strain effect has recently been observed in GaAl, as a
valence-band splitting® Using the deformation potentid
=—1.5eV for GaP'’ we obtain valence-band splittings of
4.5, 6.3, and 8.6 meV fox=0.43%, 0.60% and 0.81%, re-
spectively. These numbers are indeed quite close to the en-
ergy shifts we have observed. However, to associate the en-
ergy shift with the strain splitting, one has to assume that the
bound exciton created at the higher-energy state with its en-
ergy level matching the excitation energy relaxes to the
lower-energy state and recombines locally. Since very effi-
cient spatial energy transféwith respect to the relatively
long radiative decay timealways occurs in GaP:N and
GaAsP;_, :N,%**?the transfer effect is likely to dominate
the decay dynamics. Although further investigation is needed
for understanding the detailed recombination mechanism for
the NN transition, there is little doubt about the fact that
NN;j is associated with perturbed NNenters.

Figure 4 shows PL spectra for samples with doping level
x=0.9%. For samples withx=1.3%, PL spectra do not
show any well-defined features, and their peak positions shift
to lower energies with increasing The PL intensity de-
creases forx=0.9%, which is probably due to decreased
sample quality’* For thex=3.1% sample, the peak position
appears at- 1.85 eV where the absorption is already very
weak(see Fig. 4, and the PL extends to an energy as low as
1.4 eV. Such a long emission tail has also been observed in
heavily doped GaAs:N. The origin of the long emission tail
is unclear at this time, and will be the subject of a future
study.

Figure 5 shows absorption spectra for three samples with
x=0.9%, 1.3%, and 3.1%, respectively. For the 0.9%
sample, three absorption peaks are resolved below the GaP

FIG. 2. PL spectra for GaP:N with intermediate nitrogen con-free exciton band gap of 2.328 &V Their energies shift

centration under selective excitations'’*indicates a new Raman

line.

slightly with increasingk, but remain close to those of NN
NN, and theA line, respectively. On further increasing
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Wavelength (nm) cient can be estimated usingyy;~3x 10 *NN;]cm™?,
proog S0 B0 0 0 e | e0 880 where[ NN, ] is the concentration of the NNcenters®8 |f
100000 L GaPLN, 10K one applies these formulas to the sample with3.1%, one

] obtainsa,~3x10° cm™* and ayy;~10° cm L. Noting the
fact that all these bound states have very small linewidths
(<1 meV) in the dilute limit, and that they get severely
broadenedmore for theA line than for the NN) due to the
impurity band effect, the experimentally observed values are
quite reasonable. In spite of the large absorption coefficient,
7 the impurity band still retains its indirect characteristic of
] having a relatively long lifetime. For the=3.1% sample,
7 the PL decay time is found to be60 and~40 ns forT
10000 [ k 7 =4 and 20 K, respectively, which is qualitatively consistent
o === e with previously reported results for similar doping lev&s.
14 15 16 17 18 19 20 21 22 23 Here we have simply used the decay time at theeidiensity
Energy (eV) point as a measure of the PL decay. In general, the decay
process is honexponential. The details for the decay dynam-
FIG. 4. PL spectra for QaE:N with high-nitrogen concentrationjg will be reported elsewhere. We would like to point out
under above band-gap excitation. that the obtained PL decay time in fact sets a lower limit for
the radiative decay time that is apparently much longer than
these absorption peaks are further broadened. Even for thgat for the free exciton in GaAs-3 n9.*° Thus, because it
x=3.1% sample, the trace of the NNeature still persists. shares the characteristics of both direct and indirect gap ma-
These results indicate that the new conduction band igerials, GaP:N is perhaps a more attractive material for cer-
formed by the superposition of a hierarchy of nitrogen in-tain device applicationée.g., solar cellsthan GaAs:N.
duced bound states that are all inhomogeneously broadened The Simp'est VieW Of a heav”y doped Semiconductor is to
due to the impurity band effect. The absorption coefficientsagssume that the impurities are uniformly distributed with a
for the x=3.1% sample are found to be kX20" and 2.2 geparation of N]~*3, This simplification has in fact been
x10'cm™* at the energies of NNand theA line, respec-  adopted in many recent super-cell calculations for Group-Iil-
tively. Although the absorption prOfileS cannot be Slmply de-V-N a||0ys_21'24v25'33'35—|Owever, in rea”ty’ the impurities are
scribed by either direct or indirect transition theory, it seemsandomly distributed. Thus, the formation of pair or triplet
that these relatively large values are supportive of the viewenters is inevitable, with their concentration proportional to
that hiaV"X d_OF}ed EaIID:N is E direct gap r;_at_eaflal-lfloyv-f [N]? and[N]3, respectively. For instance, wher- 1%, we
ever, the origin for the large absorption coefficient is in fact N - N .
the same asgthat for the ‘g‘]quasidirgct” transitfon the di- have[N]~2.5< 10 cm 37' [Nil\i[m].]~1.5><_1019cm °, and
[NN[119/N[200]~5.9% 10" cm™3. Since pair or triplet cen-

!ute limit where the Iocaliz_ation O.f the_impurity pOter_‘“a' ters tend to have larger binding energies than an isolated
introduces aF compqqent in the |.mpl.1r|ty wave function. center, they naturally play a key role in determining the
The absoEpl)Elon Coeffﬂge”t for thi line is known_ to beaA_ properties of the new effective band edge in these Group-IlI-
=3.8X10"*’[N]cm ~."® For NN;, the absorption coeffi- V-N alloys.
The results of Fig. 1 reveal that impurity band formation
" » Wa‘géength (nm) ” o occurs sequentially for different NNcenters on increasing
50000 e e : the N doping level, i.e., following the order of their binding

| GaP. N NN, NN, V energies. A simple criterion for estimating the critical doping

x=09%
90000 [~

80000 I x=1.3% \
70000 I~

60000 -

NC (2.071 eV)
NN, (2.1869 eV)

50000 [~

PL Intensity (cps)

40000
30000 [~
20000 [

4K levels (xo) for impurity band formation is given by r3
40000 - ] =n"%32 wheren is the concentration of the centers consid-
ered, and is the “radius” of the impurity wave functiorin
our case, the wave function of the bound electréwxcord-
» ing to the so-called HTL(Hopfield, Thomas, and Lyngh
/ model? the electron is very tightly bound to the isoelectronic
impurity in GaP:N, which makes it rather difficult for inter-
/ center coupling to occur. For a localized center, as a rough
- 1 estimate, one can usg=(2mEg,/#%?) "2 whereE, is the
10000 : binding energy andh is the effective mas3- For NN;, using
- E,=124 meV?>2 we haver,=6.4 A, which yields a critical
] doping levelxy=5.6%. This critical value seems too high
T P when compared to our experimental data. In fact, our PL
Ener data of Fig. 1 indicate that the linewidth broadening for,NN
gy (eV) :
has already occurred at least at a doping level xof
FIG. 5. Absorption spectra of GaP:N with high-nitrogen concen-=0.24%, yet the NN transition remains quite well-defined
trations. The spectra of=1.3% and 3.1% samples are shifted ver- even atx=1.3% in the absorption data of Fig. 4. We would
tically for clarity. like to point out that there is another mechanism that will

30000 -
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assist inter-center coupling, i.e., the excitonic effect. Thebound to perturbed NN pair centersdaa N cluster are ob-
bound excitons associated with deep \#¢nters have been served. The mechanism for the enhanced band-edge absorp-
shown to be acceptorlike with a binding energy ©#0 tion is explained in terms of an impurity band effect. Our
meV>? The radius for the bound hole state is estimated to belata also suggest that intercenter exciton-exciton coupling
~16 A% Assumingr,=16 A, we getx,=1.4%. This is a assists the impurity band formation, and that the hole binding

very reasonable value, judging from the experimental dataenergy contributes to the band-gap reduction.
Although the exact value foty may not be so important, this

analysis reveals the role of the bound hole in serving as a
mediator for assisting intercenter exciton-exciton coupling,
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