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We report on detailed optical-spectroscopy investigations of nitrogen-doped ZnSe epitaxial layers of various
doping levels andN contents which have been exposedsituto a hydrogen/deuterium plasma. The influence
of this treatment is studied through temperature-dependent photoluminescence and selective photolumines-
cence. The results are similar for all samples, irrespective of their doping properties. We show thgt the N
acceptor is strongly passivated and that the deep compensating-donor disappears after plasma exposure. In
addition, the nature of the main shallow compensating-donor is changed by/Ehéreatment. The shallow
donor in ZnSe:N which we have previously identified as a N-related defect is suppressed while the usual
residual impurities of ZnSe are uncovered. Our results directly demonstrate that all compensating donors in
ZnSe:N material are N-related defects, and that N may participate to nonradiative recombination centers at
heavy doping. Finally, this helps selecting a few models for the deep compensating-donor and further support
the implication of N interstitials in carrier compensation in ZnSe:N.

. INTRODUCTION sponsible for the PAP bands in the PL spectra, has in con-
trast attracted little attention and it has often been ascribed to

The doping properties of wide-band-gap semiconductorsesidual impuritied:#%113We have however demonstrated
are currently under the focus of attention driven by both thehat N doping of ZnSe is accompanied by the formation of a
perspective to fabricate optoelectronic devices operating ilN-related shallow-compensating doria}; with an activation
the visible—ultraviolet range and the will to understand theenergy of 29.1 meVW?141°
intimate relationship existing between doping and carrier From the theoretical point of view, many models have
compensation. ZnSe is a case-study material in this respedieen considered in order to explain carrier compensation in
not only have several decades of wbileen necessary be- ZnSe:N material: incorporation of N onto various interstitial
fore a viable acceptor could emergébut it appeared soon sites'®!’ limited solubility of N in ZnSé®*® formation of
that the acceptor impurity itself may be involved in the AX center$€®2! or of impurity-native defect complexé$;2®
carrier-compensation affectingtype materiaf: and host bond breakirf§.

In fact, plasma-activated nitroge(N) and molecular- The nature of the defects responsible for carrier-
beam epitaxy(MBE) remain the unique dopant and unique compensation in ZnSe:N epitaxial layers remains thus under
growth technique, respectively, allowing to achieve repro-debate. For other semiconductors, such as Si or -V com-
ducible p-type conductivity in ZnSe epitaxial layers. How- pounds, investigating the interactions between dopant and
ever, compensating donors are generated concurrently withtentionally incorporated hydrogen has shed some light onto
p-type doping from the very onset of N incorporatidAs a  the doping and compensation properties of the matetiafs.
result, the net-acceptor concentratitdAC) N,— Ny is lim- Despite, very few similar studies have been reported up to
ited to around 18 cm~2 even thoughN], the N content, can now for ZnSe:N. Both Yasudet al?® and Prioret al3® have
be orders-of-magnitude highrn addition, compensation observed a strong influence of the presence of H onto the LT
manifests itself in the low-temperature photoluminescencéL spectra of ZnSe:N layers.

(LT PL) spectra of moderately to highly doped ZnSe:N lay- We have recently presented some results on the interac-
ers by the presence of two distinct series of donor-acceptdion between hydrogen/deuteriufd/D) and N in ZnSe:N*

pair (DAP) bands which arise from recombinations betweenTo summarize, we have varied many parameters such as the
the N acceptor and two distinct—a shallow and a deep—ZnSe:N sample doping level, the compensation ratio, the

compensating donofs’® sample temperature during H/D plasma-exposure and the du-

Most work on carrier-compensation in ZnSe:N layers hagation of this exposure. As far as the diffusion profiles and
focused on the deep compensating doBdr Experimental  the electrical characterizations are concerned the results were
results appear to support an attribution to complex defectsimilar, whatever the initial and experimental conditions. All
involving N.4%° The activation energy of this deep donor samples turned to be semi-insulating after H/D plasma expo-
however remains controversial, in the 45-57 meVsure, irrespective of the initial N-Ny and compensation
range®11-Bwhich might indicate that various mechanisms ratio. In addition, the characteristics of the H/D profiles were
may still be invoked. The shallow compensating donor, re-analogous whatever the plasma conditions. Besides a surface
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accumulation layer, the H/D profiles exhibit a plateau the A. Two-electron-transitions, two-hole-transitions
height of which corresponds, within the experimental uncer-

tainty, to the total N content in the _Iayer. Finally, the LT PL .ombination of the neutral-donor bound-excittDBE) |,
spectra of ZnSe:N layers are drastically affected by the PreSan be either in the fondamental €1 or on an excited

ence of H/D. These results indicate that H/D strongly inter-(ns np state of the donor. A series of resonances, the so-
acts with N Species in _ZnSe:N regardless of t_he|r electronicgieq “two-electron-transitions,” may thus be detected at
nature, and that it passivates the N acceptor in ZnSe:N. - energies ofE(1,)—E(1s—nsnp). Although two-

The aim of the work presented here is to study in detailygqyron.transitions can in principle be seen in any PL spec-
the influence of an H/D plasma exposure on the properties q(}um excited above the band-gap energy, they are best seen

ZnSe:N Iay_ers in order to shed some light onto the nature of han exciting resonantly witH,. Similarly, “two-hole-
compensating centers. For that purpose we have carried ojf ’

tensi : O ot t 7nSe:N H/D Emsitions,” which involve recombinations of the neutral-
an extensive Spectroscopic investigation ot Znse: acceptor bound-excitofNABE) |, are best seen when excit-

samples by LT PL, temperature-dependent PL, and selectivlﬁ ; -
: . . g resonantly withl,. The separation between the two-
PL (SPL). Together with previously published dafapur _electron-transitiongtwo-hole-transitionsdepending only on

results directly demonstrate that all compensating donors ithe spectrum of the excited states of the dofasceptor
ZnSe:N material are N-related defects which helps selecting o\ 4"in the process, two-electron-transitioo-hole-

a few models. » . . .
. . . transitiong spectroscopy is a very powerful tool for identi-
The samples and experimental techniques are described f?ing the ?mgurities prggent in thg rFr)1ateriaI

Sec. Il. We give in Sec. lll a few general considerations on
SPL investigations of semiconductors and on the PL proper-
ties of ZnSe:N material. The experimental results are pre-
sented in Sec. IV and discussed in Sec. V before concluding During SPL experiments, an incident photon with an en-
in Sec. VI. ergy E... can excite gshallow or deepdonor in a staté and

an acceptor in a stafeThere results a neutral excit€gA,; P

at a pair separatioR; ; such as:

During PL spectroscopy, the electron remaining after re-

B. Donor-acceptor pair (DAP) spectroscopy

Il. EXPERIMENT
2

The ZnSe:N samples have been grown in a Riber Epineat Eexc=Eq—[E(A))+E(Dj)]+ e—+Ji,j(Ri,j), 1)
system by solid-source MBE on semi-insulatif®®l) GaAs eRi;
substrates. The growth temperature and growth rate WetghereE is the band-gap energy, is the static dielectric
280°C and 0.14 nm/s, respectivelp:type doping was constantE(A;) andE(D;) are the binding energies of the
achieved with RF-plasma-activated N using an Oxford Ap-accentor and donor excited states, respectivgly(R; ;) is a
plied ResearctiRFK)-30 cell. The epitaxial layers were be- correction to the Coulomb effeef/eR; i which takes into

tween 1 and 3um thick. As-grown samples have been ex-5cqynt the overlap between excited donor and acceptor
posed to a H/D RF-plasma in a parallel plate capacitancg .« functions

reactor. Nitrogen as well as H/D concentrations have been After excitation the DAP rapidly thermalizes into its
measured for some samples by secondary-ion mas
spectroscopySIMS) using a C$ primary ion beam and im-
planted ZnSe epitaxial layers as references. NAC were mea- e2
sured at room temperature by the capacitance-voltag¥) Eum=Eg—[E(A1s32) + E(D1) ]+ R +J14(Rij. (2
technique either between coplanar Au-contacts or using a & j
Hg-probe system.

For temperature-dependent PL the samples were mounted

Yround state and then gives rise to a PL line at

The energy shift between excitation and emission is then

on the cold finger of a closed-cycle He cryostat. PL was _ _ _ _
excited by the 325 nm line of an He-Cd exciting laser Eore™ Bum=E(A1s32) ~E(A)
(Pexe~5 Wem ?) and detected at the exit of a 64-cm spec- +E(D1s)—E(Dj)—AJ; j(R; j), 3

trometer equipped with a 1200 grooves/mm grating blazed at
500 nm. Selective PI(SPL) measurements were performed Where
at 1.8 K in an He-bath cryostat. The samples were excited by

a Stilbene-3 dye laser pumped by the UV lines of an Ar AJi j(Ri ) =J14(Ri j) = Ji j(Ri j). (4)
laser. PL was detected at the exit of a 1-m double spectrom-
eter equipped with 1800 grooves/mm gratings blazed at 400 C. ZnSe:N photoluminescence properties

nm. In all experiments a Cf&rooled GaAs photomultiplier

was used as detector. Residual impurities in ZnSe are group-Ill and group-VII

donors which have been well characterizéd® Their acti-
vation energy lies in the 25—-28 meV range. The NDBE lines
I, fall around 2.796 eV. K. on the other hand is a shallow
acceptor with an activation energ,=111meV and a
We give here the few relevant considerations onNABE line I} at 2.791 e\?’ The zero-phonon bands of the
the SPL technique applied to impurity spectroscopy intwo distinct shallow, BAP, and deep, BAP, series ob-
semiconductord2*3and on the PL properties of ZnSe:N ep- served in the PL spectra of ZnSe:N layers peak at about 2.70
itaxial layers. and 2.68 eV, respectively. At very heavy doping levels how-

Ill. GENERAL CONSIDERATIONS
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Energy (eV) After hydrogenation the LT PL spectra of all samples are

FIG. 1. PL spectra taken at 10 K from as-groveotted lines ~ dominated by a shallow DAP band with a zero-phonon line
and deuteratedsolid line ZnSe:N sampledia) EPI-834,N,—N,  around 2.70 eV(Fig. 1). A particularly salient feature of
=1x107cm3, (b) EPI-785, N,—Ng=5x107cm3, [N]~3 these spectra is thall deep DAP bands have completely
x10%¥em™3 () EPI-711, N,—N4=1x10®cm3 [N]~1 vanished away after H/D plasma exposure. In addition, the
X 10¥cm 3, near bandedge spectra of all samples are now dominated by a

peak labeled, at 2.796—-2.797 eV, i.e., in the region typical
ever, statistical fluctuations in local impurity concentrationfor NDBE recombinations. Reminiscence of a NABE
lead to the formation of spatially separated potential wells inpeak can be clearly seen at 2.792 eV in the spectrum taken
the material resulting in broad band stat@&Jnstructured,  from sample EPI-834 while it appears as a shoulder in the
red-shifted broad DAP bands are then obsef/&d” spectra taken from samples EPI-785 and EPI-Hig. 1).

For high-quality MBE-grown ZnSe:N layers, the line- The influence of H/D plasma exposure on the near bandedge
shape of the LT-PL spectra can be used as an indicator fafmission is better seen on the spectra displayed in a logarith-
N,—Ng, and [N].° The LT-PL emission of lightly-doped mic scale on Fig. 2 which were taken at 1.8 K by exciting at
samples  (N,—Ng<~1x10Ycm™3 and [N]<~5 2.84 eV, i.e., slightly above the ZnSe band gap. The near
x 10" cm™®) is dominated by the NABE Iine?. Upon in-  bandedge emission of the as-grown sample is dominated by
creasing the doping level, the near bandedge emission varkhe NABE linel). The peaks labeletf at 2.785 eV andC’
ishes progressively at the expense of bofA® and AP at 2.766 eV are also seen in ZnSe:N sampfeEheir precise
bands. IAP bands generally take over for,NNg>~1  origin has yet not been uncovered, althou§lis thought to
x10"cm™2 and [N]>~1x10%cm™3. Finally, the red- arise from exciton complexé&.After deuteration, the near
shifted unstructured DAP band is observed for very-heavihandedge emission is largely dominated by the line labeled

doping, typically for[ N]>~1x10*cm™3, I, in the NDBE spectral range while the intensity of the
N-related peaks}, 15, andC’ is greatly reduced. Finally, a
IV. EXPERIMENTAL RESULTS weak free exciton line FX is seen in both as-grown and deu-

terated samples.
The detection of a shallow DAP band after H/D plasma
We show in Figs. @a-1(c) the LT PL spectra taken be- exposure indicates that shallow acceptors and shallow donors
fore (dotted line$ and after(solid lines H/D plasma expo- are present in the material after hydrogenation. The lineshape
sure for three representative samples, thg—Ny of  and position of the DAP bands together with Ef) show
which are 1<10Y(EPI-834, 5X10'(EPI-785 and 1 that the concentration of these impurities increases again
X 10" EPI-71) cm™ 3, respectively. Before hydrogenation, from (a) to (c). The question then arises of the nature of these
the increase of [\~ Ny when going from(a) to (c) is well  acceptors and donors.
confirmed by the evolution of the LT PL spectfiig. 1). We show on a logarithmic scale in Fig. 3 the evolution of
The N contents in samples EPI-711 and EPI-785 have beehe PL spectrum taken from sample EPI-834 after deutera-
measured by SIMS to be~1x10"cm™3 and ~3  tion. Above 20 K a line emerges progressively above the
x 108 cm™3, respectively, which fits well also with the LT zero-phonon line of the DAP band. This line takes over in
PL spectra[N] has not been measured for sample EPI-834he DAP-band region above 50 K when the shallow donors
but from the shape of the LT PL spectrum one can estimatere ionized. It can thus be ascribedaoA® recombinations
it to be ~1x 10" cm3. Finally, it is noticeable that before involving free electrons and neutral acceptor. Its position

A. Photoluminescence spectroscopy
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Energy (eV) We now turn to the identification of the shallow donors.

We display in Fig. 5 the SPL spectra taken by exciting

FIG. 3. Evolution with the temperature of the PL spectra takenS@Mple EPI-834 again in the NDBE region but by detecting

from deuterated EPI-834.

in the shallow-donor two-electron-transitions spectral range.
In that way we evidence the main shallow donors in the

which can be accurately determined on Fig. 3 is 2.711 eV aséamples. For the as-grown sample, a weak resonance appears
40 K. It corresponds well to an acceptor with an activationat 22.5 meV below the laser line. It corresponds to tise 1
energy ofEx=111meV, which indicates that the shallow — 2p two-electron-transitions of the pshallow donor with
acceptor involved in the DAP band is N. It thus appears that

H/D does not passivate all N acceptors during plasma expo-

sure.

| T

DEUTERATED

EPI-834

Finally, one can note from Fig. 1 that the PL efficiency is
higher after H/D plasma-exposure, and the higher doped the
sample, the stronger this effect. This reveals that H/D passi-
vates non-radiative recombination centers originally present Eppeer (6V)
in ZnSe:N. 27068

B. Selective photoluminescence spectroscopy 27964

All investigated samples behave in a similar manner. We
present here the data obtained on sample EPI-834 which ex-
hibits the better resolved PL spectra.

We show in Fig. 4 SPL spectra taken by exciting sample
EPI-834 in the NDBE region and by detecting around 40
meV below the laser line. The spectrum is totally flat for the
deuterated sample. In contrast, for the as-grown sample a
somewhat broad-band which is centered at 41.5 meV below
the excitation line emerges from the backgrousde arrow
in Fig. 4). Now, a donor with an activation energy, 27966
=45-50meV, i.e., within the range of the deep 2.7964
compensating-donor P in ZnSe:Nt&11-13 will give 1s P

PL Intensity (arb. inits)

2.7968

AS GROWN

—2s and 1s—2p transition energies precisely in this spec- -0.026 -0.024

-0.022 -0.020 -0.018

tral range. In spite of the lack of clearly-resolved resonances, E _-E_(eV)

the concomitant disappearance of this b&Rid). 4 and of
the ’AP-band seriegFig. 1) after H/D plasma-exposure

d L
Dy - transition spectral ranges.

lum "exc

) ) T - : FIG. 5. SPL spectra taken from sample EPI-834 by exciting in
supports its assignment to two-electron-transitions involvinghe NDBE and detecting in the shallow-donor two-electron-
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(D) EPI-834 by exciting in the NABE and detecting down to the Energy (eV)

two-hole-transition spectral ranges.
FIG. 7. PL spectra taken from as-growAG) and deuterated

an activation energy of 29.1 meV that we have previously(D) EPI-834 by selective excitation of the DAP.

discovered in ZnSe:N samplé&s!*1>No other lines can be )

seen. In contrast, after H/D plasma-exposure this resonance g ¢ LA TE(D.)= e +3. (R 6

has completely disappeared. Other weak resonances are now . ° (Azsa) + E(D1o) eRy; 1Ry (©
uncovered in the spectral range between 19 and 20.5 meV.

They correspond to the two-electron-transitions of; Al The shift in the PL-peak position seen in Fig. 7 and Eq.

Clse and Ga,, the usual residual impurities in Zn&&3®  (5) show thatdJ,j(Ry;) is smaller for the deuterated sample
These lines are in fact the only ones detected when perfornthan for the as-grown sample. Now, on the one hand,
ing two-electron-transition spectroscopy on nominally un-AJ; j(R; ;) decreases wheR; ; increase$; and on the other
doped ZnSe epitaxial layers grown in our MBE systém. hand, changing the donor activation-energy, i.e., changing
This figure thus shows that the nature of the donor involvedhe nature of the donor involved in the DAP, does not affect
in the shallow DAP band changes during H/D plasma expoJi j(Ri;).** From Eq.(6), an increase oR,; implies a de-
sure. crease ofE(D,g), all other terms being constant. Conse-

Next we have performed SPL by exciting in the vicinity quently, we deduce from Fig. 7 that after deuteration the
of the large absorption threshold, i.e., near the NABE line abinding energy of the donor involved in the selectively ex-
2.791 eV(Fig. 6). In the one-LO phonon range, resonancescited DAP is smaller as compared to the as-grown ZnSe:N
corresponding to various transitions of th§ Ehallow donor ~ epitaxial layer.
are detected for the as-grown sample while they have com-
pletely vanished away after H/D plasma exposure. In con- V. DISCUSSION
trast, resonances near 19—-20 meV are detected in this case
which are the signature of the residual shallow donors of A simple comparison of the PL spectra displayed in Fig. 1
ZnSe34=3®This figure thus supports the results deduced frontaken prior and after H/D plasma exposure reveals that most
Fig. 5. Nse acceptors and deep compensating-don(ﬁsiﬂa passi-

In the two-hole-transition spectral range, a resonance cownated, but that even though donors and acceptors are present
responding to the ;,— 2s5, transition of the neutral ac- in the material after treatment. We now discuss the origin of
ceptor N(Ref. 37 is detected for the as-grown sample only. these defects.

In contrast, resonances corresponding to the selective excita- Investigations of the shallow DAP bands detected after
tion of DAP pairs in the 25, state of the N acceptor are H/D plasma exposure by temperature-dependentFri. 3)
observed for as-grown as well as deuterated samples. and two-hole-transition spectroscoffyig. 6) reveal thatNg,

Finally, we show in Fig. 7 SPL spectra obtained fromis the acceptor involved in these DAP. This is in agreement
both as-grown as well as deuterated samples by exciting wittvith the fact that no residual acceptor is detected in undoped
exactly the same energy for both kind of samples. PL emisZnSe material grown in our systethand this indicates that
sion which corresponds to neutral DAP excited in treg,2 not all N acceptors are passivated by H/D. On the other hand,
state of the N acceptor is observed in both spectra. In thabtal passivation of the deep compensating-donﬂ;risDcon—
case, the general E(B) and Eq.(1) can be rewritten, respec- firmed by the disappearance of the corresponding-band de-
tively, as tected in SPL spectra of as-grown ZnSe:N samifég. 4).

Another, most interesting, point is the influence of the
H/D plasma exposure on the nature of the donors involved in
Eexc™ Elum=E(A1s32) —E(Ags3) —AJ1j(Ryj), (5  the shallow DAP. The crucial result obtained here is that the
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main shallow donors are not the same in the as-growmenteré®?!or of impurity—native defect complex&s?®and
ZnSe:N and in the treated ZnSe:N:H/D samples. Indeeddisregard the others. All these defects however are expected
Figs. 5-7 confirm that the main shallow donor present into give rise to deep donors so they cannot be considered for
ZnSe:N samples is the donoryDvith an activation energy €xplaining the origin of the shallow compensating-donor
Ep=29.1meV that we have previously detected in otherPn- We have previously proposed that it rather involves N
samples21415|n contrast, all spectral signatures of this do- Sitting on interstitial sites'°In fact, a particular interstitial

nor disappear after the treatment while weak resonances tygfonfiguration, the so-called (100 split interstitial” has a

cal for the group-lll and group-VII residual impurities in 1OW formation energl/ and forms a shallow donor level in
ZnSe emergéthe weakness of these resonances stems frosnSe:N-” This defect involves a N-interstitial bonded either
the very low residual-doping achieved in our MBE system (© @ Se host atom or to agilatom, the bond being aligned
This shows that H/D completely passivates the original shal2/0nd the(100 crystal direction. In this last case there is in
low compensating-donor. Finally, a line that we have ini-fact formation of a(N-N)s. pair. To our knowledge this de-
tially labeledl, appears in the NDBE range. Two-electron- fect remains the o.nIy one calculated to form a shallow
transition spectroscopy indicates that we can nowdonor-levelin ZnSe:N. _ o
unambiguously identify it as being the NDBE line tradition- __ Finally, another interesting point drawn from Fig. 1 is that
ally observed in ZnSe and labeldd. Its intensity being the PL intensity of strongly compensated samples drastically

higher than that of the reminiscent NABE Iiné (Figs. 1 increases after H/D plasma exposure which suggests that N

and 2 the residual-donor density is larger than the unpassi'—mpurlty may be involved in non-radiative recombination

vated N, acceptor density. Since the residual carrier-Centers at high doping levels.
concentration in not-intentionally doped ZnSe layers grown
in our system is in the ¥ 10"*-10"*cm ™2 range, we con-
clude that after plasma exposure only abodttth 3, i.e., a We have investigated by detailed PL spectroscopy the in-
10 3 to 10 “ fraction of the initially active N, acceptor teractions between the N impurity and H/D incorporaged
remain unpassivated. This explains wlyV measurements Situ by plasma exposure in ZnSe:N epitaxial layers with vari-
indicate that all samples turn to be semi-insulating after th@us N content and compensation ratio. The results are similar
treatment! for all samples. We have shown that the.Ncceptor is

In addition, one has to remind that after H/D plasma ex-strongly passivated and that the deep compensating-donor
posure of ZnSe:N samples, the H/D profiles measured bpf\’, disappears after plasma exposure. In addition, the main
SIMS follow within the experimental uncertainty the N pro- shallow compensating-donor in ZnSe:N which we have pre-
file, whatever the N content and compensation r&tihis  viously identified as a N-related defecf s suppressed by
demonstrates that H/D interacts widl N-related species, the H/D treatment and the usual residual impurities of ZnSe
regardless of their nature. Thus, the passivation of the deegre uncovered. Our results directly demonstrate that all com-
compensating-donor and the change of the nature of the shadensating donors in ZnSe:N material are N-related defects,
low compensating-donor described in the previous paragraphnd that N may participate to non-radiative recombination
provide direct evidence that both the deep and shalloweenters at heavy doping. Finally, our results helps selecting a
compensating-donors in ZnSe:N are N-related defects. As fadew models for the deep compensating-donor and further
the deep compensating-donof, Done should then consider support the implication of N interstitials in carrier-
only models involving N such as the formation of AX compensation in ZnSe:N.

VI. CONCLUSION
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