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Spectroscopy of donor-acceptor pairs in nitrogen-doped ZnSe
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Selective photoluminescence of donor-acceptor p@#P) is used to study the compensating donors in
p-type ZnSe layers grown by molecular-beam epitaxy and doped with nitrogen produced by rf plasma.
More than 13 lines are identified in the energy range of optical phonons. We demonstrate that the dominant
features are associated with local modes of nitrogen bound phonons. The transitions involving a shallow donor
with a binding energy of 29:£0.1 meV are also evidenced. This donor has never been reported before,
and, contrary to what it is generally believed, it is not one of the residual impurities usually found in nonin-
tentionally doped layers. Finally, two lines are ascribed to the resonant DAP photoneutralizatiominZhe
states of a deep donor. The deep-donor ionization energy is then precisely determined+as3m2V.
[S0163-182696)05432-X

. INTRODUCTION weak DYAP bands, the later shows only tR&'AP series.
Before a description of the studied samples and the ex-

The difficulty of achievingp-type doping of ZnSe has perimental setugSec. Ill), the principle of SPL applied to
long been a barrier to the fabrication of optoelectronic dethe current study will be briefly presented in Sec. Il. The
vices. Indeed, the first ZnSe-based injection blue laser wagelectively excited photoluminescence spectra recorded from
only demonstrated in 1991In this laser structure, the suc- 15 to 45 meV below the laser excitation energy appear to be
cessfulp-type doping was obtained with nitrogen producedriCh in transitions, since up to thirteen lines are detected in
in a plasma discharge Actually, nitrogen still appears as this energy range. The excited states of the dominant shallow
the most convenient dopant, although the hole concentratiofionor are easily identifiabléSec. IV A). Quite surprisingly,
seems to saturate, in the best case, aroudfl @@ 3. This  their associated transition energies correspond to a 29.1-meV
upper limit indicates that some compensation mechanism@onor still unknown in the literature and, moreover, not
occur, which is confirmedyba N concentration often several Present in the undoped material. However it is not clear, at
times higher than the effective doping lev#l,-Ny). this time, whether this donor is related to a residual species

Many theoretical models have been proposed in order téntroduced with nitrogen or due to the formation of nitrogen-
exp|ain the carrier Compensatﬂ)ﬂuch as: bond breaking, associated CompleX defects. The other lines necessitate a
solubility limit, native defects, and impurity-associated de-more detailed examination. Indeed, it appears that the domi-
fects. Although different mechanisms may participate in thehant lines, located in the TO to LO range, are the fine struc-
compensation process, experimental results agree well with!re of acceptor-bound phonons. This assignment is realized,
the N-associated defect models. The most evident illustratiol) the Sec. IV B, via the theoretical model of Kanehisa, Pet-
is provided by the two donor-acceptor pdDAP) series, ritis, and BalkanskiKPB mode).® In addition, the influence
usually and reproducibly present in the low-temperature phoOf the interaction between close DAP's on the acceptor-
toluminescence(PL) spectra. As shown by temperature- bound phonon energies is, to the best of our knowledge,
dependent PL spectroscopy studies, these two series invol@served for the first time. The interaction induced energy
the same acceptor level and, thus, two donor spéaeshal- shifts are measured and are in agreement with a zero-order
low donor(D%) generally ascribed to residual dopants and s@Pproximation of the KPB theory. A donor-bound phonon
deep donor DY) attributed to a complex involving N. This line is also present, which implies a donor with an ionization
assignment is based on the fact that the higher the nitroge#n€rgy much higher than the usual substitutional donors in
content is, the Strong@dAP bands are. ZnSe. Fina”y, we Identlfy the transitions between the?2

However, if the existence of the deep donor is clearlyand the ground states of the deep do(fec. IV C 4. The
established, there are no available data concerning its elegffective-mass model, supported by the measured transition
tronic structure. For instance, the deep-donor ionization en€nergies, gives a definitive ionization energy of 45.2 meV for
ergy is still unsettled, the estimations ranging from 43 to 57the deep donor.
meV >~ Moreover, although attributed to residual dopants,
the nature of the_ shaIIow_donor is also to be specified. _ Il. GENERAL CONSIDERATIONS

The aim of this paper is to present a thorough investiga-
tion on both donors. This work is performed by selective Although SPL and PLE on donor-acceptor pairs have al-
photoluminescenc€SPL) on two samples with moderate ef- ready provided a detailed knowledge of acceptors states in
fective doping levels, but very different N contents. Indeed,|I-VI semiconductors like CdT&® znTel**?and zZnSée3-16
whereas the low-temperature PL spectrum of the former ishe literature is scarce concerning their application to the
dominated by the nitrogen bound exciton and displays onlydonor spectroscopy in direct band-gap semiconductors. In-
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After the D;A;P formation, the electron and the hole ther-
malize quickly into the impurity ground states before recom-
bination giving rise to a sharp resonance line on the SPL
spectrum at energ¥,,m:

Conduction band

2
e
Eum=Eg—E(Ass,)) ~E(D1g)+ R, +JI14(Ri ).
(2.2
Thus, the transition energy between donor and/or acceptor

excited and ground states corrected by the amount
Ji j(R)—J1 1(R) matches the energy differen&g,.—En:

Eexc™ Eum=E(D1s) —E(Dj) + E(A183/2)

0 1/R;; 1/RS, 1/R —E(A)+Jij(R )—J1x(Rij). (2.3

Such a mechanism may take place for sevBrahlues and,

FIG. 1. Schematic diagram showing the resonant excitation 0f5ubsequent|y, each excited levig] is likely to produce a
deep- and shallow-donor-acceptor pdistack arrow, the neutral-  resonance peak on the background spectrum. Hence, the
ized donors are in an excited state and the hole in the accept@pectral signature of the impurities can be obtained using this
ground state. The recombination lines are represented by gray agpproach. Taking into account that the donor Bohr radii are
rows. lonization energies were taken as (B§drogenlike dondr  yenerally larger than those of acceptors, the interaction en-
and 50 meV. ergy difference AJ;(R)=J;(R)—J;4(R) are large for

acceptors’ and often imperceptible in the case of donors.
deed, the so-called “two-electrons transition€TET) spec- In addition to purely electronic processes, interactions
troscopy seems to have been more appropriate and accuratih phonons(or combinations of phonohsnay also occur
for bulk ZnSe'’~2° However, its utilization for impurity during the neutralization or recombination of donor-acceptor
studies in ZnSe epilayers grown on GaAs substrates is mongairs. In this case, the energy difference between excitation
problematic. Indeed, the difference in the thermal-expansioand luminescence is exactly the optical-phonon enékgy,
coefficients of the two materials gives rise to residual strainsyithout anyR dependence:
which split impurity bound exciton&. In addition, the inter-
estin TET is still reduced further in the case of high impurity Eexc™ Eum=7fi@wpn- (2.4
content, which strongly broadens the spectral lines.

In contrast, the implementation of SPL and PLE on Finally, the possible emission of local phonon modes in
donor-acceptor pairs appears to be a more suitable techniqtige vicinity of impurities has also to be taken into accotint.
for the study of donor species introduced during nitrogenThe binding energies of these quasiparticle states are strictly
p-type doping of heavily compensated ZnSe epilayers. Theubjected to the impurity electronic speéfrand conse-
present study will be principally based on SPL results. Al-quently may be affected by the interimpurity distances, i.e.,
though SPL has already been described in detail in previougia J(R).
papers involving acceptors characterization in bulk ZffSe,  The preceding considerations indicate that not only donor
its principle will be briefly presented and applied to this states but also bound and free optical phonons are expected
work where both shallow and deep donors have to be corin the spectral range extending from 18 me\&— 2P tran-
sidered. sition energy of the hydrogenic donoto about 40 meV.

As shown on Fig. 1, an incident pump photon with energyThis explains why a careful inspection of SPL spectra is
E. Creates a neutral excitetshallow or deep donor- needed in order to perform a reliable identification of donor
acceptor paifD;, A;), with the electron and the hole in the levels.
respective andj excited states, at a particular pair separa-

tion R; ; given by IIl. EXPERIMENTAL SETUP AND SAMPLES

The selectively excited PL spectra were carried out at 2
K, the samples being placed in a He-immersion cryostat. The
Eexe=Eg~E(A)—E(D)+ = +Jij(Rij)), (2D  samples were irradiated with a monochromatic ligAtYHM

o ~0.05 meV from a tunable Stilbene-3 dye laser pumped by

the UV lines of a cw Ar-ion laser. PL was dispersed by a

whereE, is the band gap energy, is the static dielectric 1.0-m focal-length double additive monochromator equipped

constant,E(A;) and E(D;) are the binding energies of the with 1800 grooves/cm holographic gratings blazed at 400
acceptor and donor excited states, respectively. The interaom, and detected by a G@ooled photomultiplier. For ordi-

tion term J; ;(R; ;) is a correction to the Coulomb effect nary PL measurements at 9 K, the excitation light was pro-

ezlsRi‘j, which takes into account the overlap of the vided by the 325-nm line of a He-Cd laser and a 64-cm

excited-donor and acceptor wave functions, which is nospectrometer was used.
more negligible for smalR values. The samples were grown by elemental solid-source
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times stronger than that of the donor-bound excitgnin
R addition, Y and |, peaks are clearly visible. Both peaks
He-Cd DsAP which are reported to be related to extended defects are ex-
10 W/em-2 e-AD pected to be stronger in pure ZnSe material grown on
GaAs™®

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

Two SPL spectra of the most compensated sanigkz
041) are shown in Fig. 3. One of them concerns close DAP
and displays well-defined transitions in the low-energy range
DIAP x50 [Fig. 3(i)]. The other, recorded for distant DAP, shows some
resonances at higher energj€sy. 3(ii)]. In fact, the relative
intensity of features observed on the SPL spectra can change
depending on the nitrogen content and the excitation spectral
range. However, as shown on Fig. 4, the spectral position of
the lines is sufficiently stable to permit a step-by-step iden-
tification.

This figure shows, for both N-doped samples, the resonant
transitions displayed on SPL spectra of different experiments
with excitation energies tuned from 2.69 eV, in th&AP

PL Intensity (arb. units)

255 260 265 270 275 280 285 band, to the neutral acceptor bound excitgrat 2.789 eV.
Such a presentation is helpful in distinguishing the transi-
Energy (eV) tions related to the donor-acceptor distances. The Table |

gives a compilation of the different lines with their assign-

FIG. 2. PL spectra recorded @ K for sample 026a) and 041 ments which will be discussed in the following, starting with
(b). The 325-nm laser excitation intensity is 10 Wihem those related to the shallow donor.

molecular-beam epitax¢yMBE) directly onn*-GaAs (100
substrates without any ZnSe buffer layer. Nitrogen doping A. Shallow donor
was performed using an Oxford Applied Research CARS 25
rf plasma source operating in the high brightness mode. Dur-
ing the growth, the substrate temperature was 280 °C and the As expected, the first resonane peak on Fig. B lo-
Se/Zn flux ratio was-2-3, i.e., a X1 Se-stabilized recon- cated at 22.5meV under the excitation energy, is related to
struction was barely visible bip situ reflection high-energy the shallow donomDS mainly present in the samples. Al-
electron diffraction. though the first excited state in SPL and PLE spectra of ZnSe
Two N-doped samplegNos. 026 and 041and one or ZnTe bulk materidl'® was often attributed to a DAP
reference-undoped sampléNo. 019 were investigated. neutralization process in theSXtate of donors, more recent
Their respective thicknesses are 1.5, 3.5, andg2 The  magnetoluminescence experiments on nitrogen-doped ZnSe
net carrier concentration®N,-Ng4) of the doped samples, as epilayers indicate the actual predominanceDof-related
determined by capacitance voltage measurements at rootransitions in SPL spectri,so we attribute tha peak to this
temperature, are 1610'° cm™2 (026) and 7<10* cm 3  transition.
(041, whereas the residual doping for the 019 epilayern is By setting the binding energi 3=26.0,+0.15 meV for
type with an effective doping level of 610" cm 3. Al-  the hydrogenic dond®!°a binding energyEps=29.1+0.1
though the effective doping level of sample 041 is two timesmeV is obtained for the considered donor, by simply adding
lower than that of the lightly doped 026 sample, its PL specthe effective-mass binding energy of theP 2level
trum [Fig. 2(b)] reveals that its nitrogen content is on the (E3-=6.52+0.05 meV deduced frork Sp=E 3/n?), which
contrary much higher. Indeed, whereas PL spectra of lightlys independent on the donor central-cell correcfoichemi-
doped ZnSe epilayers are usually dominated by theal shif), because of the-state wave-function symmetry.
N-acceptor-bound excitoh, and show a weaPYAP band, The calculated $-3P transition energy
the near band edge of overcompensated samples vanishesEig, ,;p=26.2-0.1 meV is found to be in excellent agree-
that their PL spectra only exhibit ti2YAP band?®?” Note  ment with the occurrence of thk peak on SPL spectra
also, for sample 041, the increase of the intensity ratio befFigs. i) and 4. It should be noted that theSl-4P tran-
tween thel - and thel ; peaks. Although the origin of thie,  sition, expected at 27.5 meV, is also detected on some spec-
peak is not yet clearly established, the relative increase dfa of the sample 026Fig. 4(b)]. The deduced central-cell
this ratio is generally observed for the highest N correction valugy=3.1= meV) can be used to estimate the
concentrations:?® 2S-2P splitting, which is supposed to bg8. The broaden-
Concerning the reference-sample 019, its very low impuing that we often observe on the low-energy side of tife 2
rity background level is also attested by PL. Indeed, the nearesonancda peak could be satisfactorily explained as in-
band edge of its PL spectrum, displayed in Ref. 29, exhibitsluced by the $-2S transition which is not resolved because
sharp free exciton, the intensity of which is more than fourof the small 0.4-meV 3-2P splitting.

1. Properties
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FIG. 3. 2-K selective photoluminescen¢®PL) spectra of nitrogen-acceptor related DAP bands of the 041 sample. The laser is tuned at
(i) 2.775 eV andif) 2.7065 eV. The inset shows SPL spectra recorded in two-electron trandifidn spectral rangela) and(b) display
the 019 undoped layer spectra resonantly excited at 2,7672.797¢eV, respectively(c) is the TET spectrum of the 026 N-doped layer
excited at 2.7966eV. The measured donoiS12S and 1S-2P transition energies are, respectively, 18a8d 19.3 meV for Al and 19.3
and 19.53 meV for Cl. The 1S-2P transition of the Ga donor is found at 20.15 meV. Note that no shift is experimentally detected for the
residual impurity transitions in the undoped and the N-doped epilayers compared to that measured in bulk material, which reveals that neither
the residual thermal strain nor the nitrogen incorporation affect the binding energies. The horizontal axis gives the energy difference between
photoluminescence and excitation.

2. Chemical nature

The existence of a donor with an ionization energy o

of the shallow Gg,, Cls., and A, donors'’~° However,

sthere is no trace, either on SPL or on PLE spectra, of the

29.1 meV being established, the question now arises of itdonor previously characterized in doped samples.

origin and of its chemical nature. In the inset of Fig. 3, TET
spectra of undoped and N-doped samples are compared.
resonant excitation of the donor-bound excitgrgives rise
to several replica off, shifted by the donor ground to excite

states transition energies. In undoped materials, e 2P

In N-doped ZnSe, the only residual impurity discerned
with TET spectroscopy is Gdnset of Fig. 3c)]. Itis already
known that in thin epilayers deposited on GaAs, interdiffu-
g sion effects at the heterointerface boosts the Ga

manifestatiort’ As the Ga donor associated signal is always

and 15—2S |, resqlica_are superimposed on the high-energy  TABLE 1. Labels, energy separations from the laser line and
side of thel, line,>* which are found to be the TET structures assignment of the different lines detected in the SPL spectra. The
accuracy is better thart0.1 meV, except when only one digit is

given. In this case, the precision 0.3 meV. The origin of thel

2F wmemen = x sansasammm] LOF e e wmes] line is not yet explained. However, as it is only observed for laser
E e S f N excitation energies in the exciton range, it could arise from exciton-
30 F e . Mh..""" e — ] phonon coupling. The asterisk denots , dependence.
S\ 28 _ ““”"""f_l d Sy
g [t e U I R Label Position energymeV) Assignment
~ 26:— gy % koot _EE- TbO - w,;m_imm-m.é_ﬁ.; s
g E a 22.5 D®%:1S—2P
m 24F ] L ] TO 25.% TO phonon
FER SRS R S b 26.3 D%1S-3P
zr ] 3 7 c 27.5 N-bound phonor(K =3, 2P,
ok a) it B 1 4 28.2
s 041 026 e 29.4 D%bound phonon (P)
18F . . . ‘ T a o] f 31.0¢ N-bound phonorK =3, 2Px/,)
D0 272 274 276 278 276 278 g 313 N-bound phonor(K=4)
Excitation Energy (eV) LO 31.% LO phonon
h 33 close pair splitting of N: 55/,
FIG. 4. Plot of the energy difference between the laser excitai 36.7 D%15-2S
tion light and the resonantly excited DAP recombination lines inj 38.7 D% 15-2P

samples 041a) and 026(b). The gray lines are guides for the eyes.




4718 MORHAIN, TOURNIE NEU, ONGARETTO, AND FAURIE 54

absent on SPL spectra of DAP, one has to conclude that tHey Kanehisa, Petritis, and BalkanskkPB mode),® who
Ga residual concentration is low compared to that of theook into account the valence-band degeneracy, thus allow-
29.1-meV donor. Among the known donors in ZnSe, fewing one to deal with the acceptor-bound phonons. By consid-
have so a high binding energy. To our knowledge, the onlyering the total Hamiltonian, sum of the LO phonon, the im-
one mentioned in the literatur€,s ,,,=23.95 mey was  purity hole and the Fildich-type interaction Hamiltonians,
tentatively attributed to iodine, since it has been detected ithey show that the problem is reduced to solving an algebraic
homoepitaxial samples grown on highly iodine-dopedeigenvalue equation:
substrate$?

In any case, it can be concluded that the 29.1 meV un- _
known donor is introduced during the N doping of the layers. ; Sixin=Eaxin @
However, a tentative attribution to a N-associated defect giv-

ing rise to a shallow donor is still hazardous. Indeed, itVNerei andj are the impurity electronic stateis, the bind-

should be mentioned that our results are quite different fronid €nergy of thexth bound phonon, an&; the scattering
those of Albertet al,® who recently pointed out the pres- Matrix elements equal to

ence, in less doped samples, of an unknown shallow donor,

the 1S— 2P transition energy of which is 20.25 meV, i.e., Sij:<
lower than the value of 22;%btained with our samples. At

this stage, it is impossible to obtain a definitive donor iden—xij is the exchange integral among impurity-hole wave func-
tification. One of the donor& 5 ,,p=20.25 or 22.5meV), tions:

or both could originate from either unidentified impurities

&
—°—1)DiDjxij (3.2

€

2

carried with N or from N-related defect formed during the X = (0 e oi 3.3
doping. ij=( ||so|r1—r2| 0j), 3.3
B. Acceptor-bound phonons andD; the resonance denominator
Between TO and LO, two lines label@dand f in Figs. (ei—ephwy |2
3(i) and Fig. 4, present a similar behavior and will be dis- Di= (e—eg)?—(hwg)?] (3.9
1

cussed together. Not only does the intensity ratia aihd f
with respect to that of the optical phonons increase with thde; —ey) is the transition energy between thexcited state
nitrogen content, but also their energies are slightly modifiedand the ground state of the acceptfi), and |0) are the
for short donor-acceptor distances. associated-state wave functions. The problem dimension is

An interpretation ofc andf in terms of excited P(2S) reduced by considering a spherical model derived from the
and 3P(39) states of a third residual donor is unconvincing. Lipari and Baldereschi formalisth for the acceptor states,
Indeed, the ionization energy of this donor would be abou@nd considering that observable bound phonons are mainly
34-35 meV and should then give rise to a DAP band in theassociated with $F0=3,2—>2PF=1,zy3,2,5,2transitions, the ma-
PL spectra, which is not observed. Moreover, since the shiffrix elements of which are dominant. Hefé=L +J is the
of D3p andD 3p states is almost indiscernible at high exci- total angular momentum. By introducing the total angular
tation energies, i.e., for the neard3fAP, an energy dis- momentum change
placement of about 1 meV for both lines is inconceivable for
a deeper donor, since a reduction of the donor-acceptor wave K=F+Fg, (3.5
function overlap is expected. On the other haondand f . . . .
cannot be attributed to transitions between acceptor state@,es?r%:'g s;gzﬁ;c(t—;rén% ng:;”é E%ngti)veeg :gikldgg,:o E%“SS:'S

. . 0 2 ) — 4y & P72

because such an acceptor would have too small a blndlnﬁzo, 1,2, 3, ancE=2 givesK =1, 2, 3, 4. In fact, only the

energy. In fact, with transition energies lying between TO_ "' . _ B
and LO, thec and f lines could better agree with a fine tvyo d{mensmnaK _.3 block and Fhe scalak =4 block can
give rise to discernible features in the SPL spectra.

structure of an impurity-bound phonon. Inde€d,this qua- For the numerical results, we kept the Luttinger param-

siparticle is known to be easily seen in polar -Vl 7 LawaetZ® Although this choice could be discussed

semiconductors; ™ ****and (ii) the binding of phonons to with regard to the large set of parameters proposed in the
impurities is possible as soon as the relevant impurity trans g 9 P prop

sition energies are larger than the LO-phonon en&tdg. literature;® these valence-band parameters give, in the

our samples, both the neutral N acceptor and the deep donspherical model_, exci_ted-state energies fairly close to experi-
could bind phonons. mental value given in Ref. 3?Els3/2= 110.0 meV,Ezp,_,

Impurity-bound phonons were first observed and modeled® 48.5 meV, andE;p,,=28.0 meV to be compared with
by Dean, Manchon, and Hopfiefi,who pointed out that 111.3, 43.5, and 31.9g) meV, respectivelj Hence, rea-
neutral donors could provide an effective attractive interacsonable values for the resonance denomindtaos. (3.4)]
tion for the LO phonons in GaP. For a given donor impurity,can be expected. It is the same for the exchange integral
their approach predicts as many bound phonons as allowezglementgEgs. (3.3)] that depend, as for them, only on the
transitions between the levels of the impurity, with binding hole spin-orbit coupling parametgr=0.795% a value con-
energies directly depending on the involved impurity excitedsistent with the fit of Ref. 39u=0.75.
states. In Table Il, the calculated energies of the nitrogen

The impurity-bound phonon theory has recently been reacceptor-bound phonons within the KPB model are reported
formulated in a more general case for cubic semiconductorand compared with the resuft3An excellent agreement be-
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TABLE Il. Bound phonon transition energiémeV). The cho-  donor-bound phonons can be expected since its ionization
sen dielectric constants for the calculation ape=9.14 (Ref. 18 energy is estimated in the 43—57 meV range. In the assump-
ande..=5.7 (Ref. 13. The K=3 state has two components. That tion of an hydrogenlike behavior for this donghis hypoth-
with the deeper binding energy and located at 27.5 meV is mainliesjs will be supported later gra straightforward calculation
associated with the S,,—2P5,, acceptor transition, whereas the provides a bound phonon energy of 29.5 meV for the asso-
other is governed by thesk;;— 2Py, transition. TheK=4 bound  ¢jated 1S—2P deep donor transition. Indeed, for a donor,
state is expected to occur at 31.0 meV, i.e., nearby the_LO PhoNOfhere is no more a splitting of theP2state and the exchange
(hwg=31.7 meV). Not only are thec- and f-peak energies well 0001 matrix is simply the modulus of theP2hydrogenic
predicted by the model, but also the nature of ¢heeak can be |46 function. This numerical result agrees very well with

explained. the e-peak energyTable ) and allows us thus to identify it.
K=F+F, At this stage, all lines below the free LO in energy are
identified either as shallow donor or as bound phonon related
Energy K=3 K=4 transitions. Although it was necessary to assume the exist-
ence of a deep donor to explain thdine, up to now there is
Theor. 215 30.3 310 no direct evidence oDYAP resonant emission in the SPL
Exp. 27.5 30.9 31.3

spectra.

The h features immediately above the LO can be identi-
fied as caused by the acceptor ground-state splitting by the
residual strain of the lay&t plus a Coulomb perturbation
induced by the nearest neutral donor. This last phenomenon
is well-known in ZnSé? and has also been depicted in sev-

c line f line g line

tween theory and experience is found. Not only arectlaed
the f line well predicted by the KPB model, but also it ex-
Pl he presence ofgpeck delecid on & et S SPEC” ral inc-ende-ype semiconductifs

9 P : Finally, the two remaining andj lines are still to be

This identification ofc and f lines as due _to phonons. identified. We ascribe them to the recombination of DAP
bound to acceptor states allows one to explain the questio

of the dependence of their binding energy with the interim_Qelectlvely photoneutralized into the=2 split state of the

purity distance in the case of close DAP. In fact, as men-deep donor, i.eJ andj being, r_gspectivgly, associated with
tioned previously, the closeness of a donbr bring,s a perturt-he 15—2S and 15-2P transitions. t Is thought t.hat' the
bation on the acc’eptor the most visible effect of which is aspectrum of such a deep donor Wlt.h an electron binding en-

' ergy evaluated to be 45:0.3 meV (i.e., a central-cell cor-

decrease of the ground- to excited-state transition energies by .~ ¥=19 meV) obeys to an effective-mass model. In-
the valueAJ;(R), which can reach several meV. By consid- deed, in such an approach, th&-2P splitting should be

ering a mean pair distance for which the donor-acceptor 'nfheoreticallyxls, close to the measured ratio of 95meV),

teraction is still moderate, a zero-order approximation gives .- . . i
the trend. Indeed, the exchange integral elements should QFQ:S/ﬁoS?r?ef)gg:etggﬁvsﬁg\r/g trrr::sgs_ gﬁpggrlﬁlsr;z 8??2\? con

less sensitive to the perturbation than resonance denomin%- small and prevents the resolution of th&%2S and
torls:. Only the Ilaterbhave to b? recalcul:lz\ted. £ 1 Vi 1S— 2P transitions, the larger chemical shift B allows
3 or exa(rzg 2’) id)ént?csaslutrgl?r?e\]a value (045 A) r\r/laelue % us to clearly distinguish the two associated lines.

1517 2Pg); o . Su2 25 A 45.2-meV ionization energy for the deep donor is more-
measured by Alberet al.” (this distance corresponds to a gyer in excellent agreement with the previous temperature-
laser energy of 2.750 meV we find for the mainly gependent PL spectroscopy stiidwhich also estimates a
1S5,— 2P, associated bound phonon an energy of 27.3/3jue of 46 meV. On the other hand, it is in disagreement
meV instead of 27.5 meV for distant pairs, in excellent con-yith the 57-meV binding energy determined by Zéual,?
sistency with the experimental results. essentially based on the attribution of a peak located at 2.766

Finally, it has to be noted that the principal parametergy on PL spectra to the deep-donor—valence-band transition.
governing the phonon binding energy is the ionization entowever, the nature of this peak has been investigated by
ergy of the impurity which fixes the spectrum of the acceptoryaykssoret al® who rather conclude to an exciton bound to
excited states. Consequently, since in ZnSe, lithium is ap deeper donor. In addition, a recent work of Kuetzal*®
acceptor with almost the same ionization end@¥4.2-0.3  jngicates thd®-h transition at a higher energy, giving 23
meV (Ref. 41] as nitrogen[111.3-0.5 meV (Ref. 42],  meV for theD binding energy. Finally, Brownliet al. also
similar results concerning the Li-bound phonons are eXppserve an absorption edge attributed to the corresponding
pected. In fact, Tews, Venghaus, and Dedrave reported a pd_p, threshold around 2.761 eV on PL-excitation spectra
value of 27.3-0.2 meV for the Li-bound phonon energy getected at 2.680 e¥*® Preliminary results obtained from

which corroborates our identification. PL-excitation spectra 0DSAP and DYAP show that this
edge rather appears as the low-energy side of the selective
C. Properties of the deep donor 1S;/,—2S;, and 1S;,—2P4), (I'g) transitions of the nitro-

As previously mentioned, the existence of a coupling be-3€n acceptor.

tween phonons and electronic excitations requires impurity
transition energies larger than that of the LO phonon, i.e.,
E.s .,p>hw . For a donor, it corresponds to a binding

energy of at least 38 meV. Although this energy is much The first excited states of nitrogen-related donor-acceptor
higher than that of usual substitutional donors in ZnSe, deeppairs in ZnSe have been investigated by selectively excited

V. CONCLUSION
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photoluminescence. The spectra of heavily doped sampldake identification of the 8 and 2P states. The chemical na-
are dominated by longitudinal-optical phonons resonanthture of the main shallow donoEgs=29.1+0.1 me\) in our
coupled with the nitrogen neutral-acceptoiS;h—2P:  samples is not yet identified, but, in any case, does not cor-

states. In addition, a fine structure of impurity-boundrespond to the residual donors usually seen in undoped ma-
phonons is resolved in ZnSe. Also, we evidence the perturerial.

bation effect induced by close donors on the phonon binding
energies.

Otherwise, it is shown that two donors species are intro-
duced during the growth gb-type-doped epilayers, when a
nitrogen rf plasma source is used. One is a deep donor at the The authors would like to thank M. Teissere and A. Koza-
origin of the dominantDYAP band in PL spectra of the cki for assistance with optical measurements and P. Brunet
highly N-doped samples. Its ionization energy is of 45.2for electrical characterizations. The authors also wish to
+0.3, meV, within an effective-mass approach supported byhank M. Leroux for valuable discussions.
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