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Defect properties of ion-implanted nitrogen in ZnSe
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Lattice sites and annealing behavior of implantéd in semi-insulating ZnSe are investigated by usegof
radiation detected nuclear magnetic resondeMR). For room-temperature implantation only a small part
of the N impurities is found at sites with fully symmetry; this fraction is attributed to substitutionad N
Above 500 K the population of this site increases and saturates at a 10 times higher valeedf K. This
increase is assigned to the change of initially interstitial N) (Msolated or part of a complex, to unperturbed
Nse An activation barrieE, = 0.47(5) eV is determined for this process representing an upper limit for;the N
migration energy. We do not observe configurations wheggi®\bound to a diamagnetic partner, like the
(VseZn-Ng9 ™ complex.
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Successfup-type doping of ZnSe became possible with simultaneously in the ZnSe crystdl*tN]<10f cm™%). The
the advent of suitable sources of atomic N in molecularprobes could be selectively depolarized by resonant radio-
beam epitaxy(MBE)."* The maximum hole concentration, frequency(RF) irradiation. Afterwards, the lifetime-averaged
however, is still limited by compensation processes tdeft/right asymmetrya of the emittedg radiation was de-
~10%cm™3 even though N incorporation up to levels of tected which directly measures the remainifly polariza-
10?°cm ™2 is possible** Different mechanisms, such as the tion. Due to the short?N lifetime the temperatures of im-
incorporation of N molecules, compensation by donors, pas-plantation, “annealing” (within 75), and detection are
sivation due to formation of complexes or interstitial con-always identical in this type of experiment. For a more de-
figurations, and a limited solubility of N at Se sites havetailed description of3-NMR and its application to point de-
been discussed to explain this limitatiésee Ref. 5 for a fects in semiconductors the reader is referred to previous
review). In order to distinguish between different compensa-publications’’
tion models it is crucial to have microscopic information on  The sample was MBE grown on mGaAs:Zn substrate
the lattice sites and the local environments of the N impuri-with an area of 1810 mnt. The 2.9um-thick ZnSe layer
ties. was deposited with a Zn/Se beam equivalent pressure ratio of

We appliedB-radiation detected nuclear magnetic reso-0.34 resulting in an undoped, semi-insulating film. To pre-
nance(B-NMR) as a sensitive technique to explore local sur-vent surface decomposition at elevated temperatures the
roundings and annealing behavior of isolated N impuritiescrystal was capped with a 25 nmgSj, layer.
after implantation in ZnSe. Our experiments were performed First results of this investigation were described in Ref. 8.
at the lonenstrahllabor ISL of the Hahn-Meitner-Institut, In that work we were mainly concerned with static proper-
Berlin. Radioactive >N nuclei (lifetime 75=15.9ms, ties, in particular the characterization of the implantation
nuclear spin = 1, daughter nucleu¥C) were produced in a site. Now we are extending this study towards dynamic as-
108(®He,n)'?N nuclear reaction using a primary beam of pects like annealing behavior and site changes.
3.0-MeV °He. The recoil emitted?N nuclei were spin po- A B-NMR resonance of’N in ZnSe measured at 794 K is
larized parallel to an external magnetic fiddg by selection  shown in Fig. 1; a similar spectrum was already presented in
of recoil angles of 1Z6° relative to the incident beam and Ref. 8. The line is centered at the Larmor frequemgyim-
then implanted in the ZnSe sample. The broad spread gflying that the corresponding probe fraction is diamagnetic
recoil energies from 0 to 1.7 MeV gave a rather homoge-and senses no electric-field gradient. It has the shape of a
neous implantation profile up to a maximum depth of 2.0pure Lorentzian; we do not observe any inhomogeneous
pm. Different probe nuclei and even their respectivebroadening. In the previous paper we also showed that such
implantation-damage cascades were well separated from resonance can only originate from either negatively
each other: there were only some 100 active probe nuclaiharged substitutional N at Se sit@és. ), or triply ionized

0163-1829/2001/624)/2412014)/$20.00 63241201-1 ©2001 The American Physical Society



RAPID COMMUNICATIONS

K. MARBACH et al. PHYSICAL REVIEW B 63 241201R)
" " " no detectable spin-lattice relaxati@BLR). The reduced val-
9 6T 11 1 ues ofag,, at lower temperatures are not a result of the
Soal | || 1 lifetime averaging, therefore. The depolarization must rather
= take placebeforethe cubic state is occupied. This allows the
E oL ] interpretation ofa.,, as a true measure of the fractibg,, of
£ implanted N ions at lattice sites withy symmetry (right-
s ol ] hand scale of Fig. )2
e The solid line in Fig. 2 represents a fit of a simple anneal-
: : : ing model assuming a so far unknown precursor statarid
1.386 1.390 1.394

thermally activated conversion to the cubic defect staig.N

Frequency (MHz) The conversion ratg: is taken as

FIG. 1. B-NMR spectrum of 2N implanted in ZnSe aff
=794K, Bo=0.4T, Byl(100. The resonance is centered at the w(T)=poexp(—E,/kgT), 1)

Larmor frequency. The solid line is a Lorentzian fit. ] o . ] ) .
with an activation barriele,. The model is explained in

detail in Ref. 7 where the identical analysis was applied to
the case of implantet?B in ZnSe, a system with very simi-
lar annealing properties.

As numerical results we obtain

N at tetrahedral interstitial sites surrounded by four Zn at
oms: N3 (T5,). This conclusion was derived on grounds of
charge state and symmetry considerations.

The “cubic asymmetry”’a.,,, defined as the asymmetry

signal corresponding only t6°N nuclei in cubic environ-
ments, and the total asymmetmy (from all implanted probe
nuclej are plotted vs temperature in Fig. &, was recorded
without any RF;a.,, was detected as the asymmetry chang
due to RF depolarization of all Larmor resonaft nuclei.
For that purpose RF was irradiated in a band+d3 kHz
aroundr, and was on/off modulated at a rate of 0.5 Hz to
suppress effects of instrumental drifts.

In several time-resolved measurements at temperatur%
from T=340-890K we always found.t)=const., i.e.,

wolr=1014 E,=0.475) eV, 2

with E, and i as defined by Eq). r is a so far unknown
edepolarization rate in the Nstate with the lower bound
=1/75~60 s The cubic asymmetry varies fromi,0)
=0.8(1)% toac,(*)=7.7(5)% inthis annealing stage, in
other wordsf ., increases by a factor of 10.
At this point the question of the absolute valuesfgf,
th respect to the total amount of implantédN arises.
Previously? we had stated,,=40(10)% afT =800 K. This
was based on the comparison of the integrated area&\of
Larmor resonances in ZnSe and Cu as a well-known refer-
ence system.The N resonance in Cu exhibits strong dipo-
lar broadening, however, and integrating such an inhomoge-
neous spectrum is only meaningful in the absence of
diffusion and/or spin-lattice relaxation of the Cu host nuclei.
Unfortunately we had not checked these necessary precondi-
tions properly and in the given case they are not even likely
to be fulfilled. This way we probably overestimated the total
asymmetry belonging to a knowtN fraction in the refer-
ence systeprhence underestimated the fraction belonging to
0 a known asymmetry in ZnSe. The correct statement-fisir

in ZnSe has to bé (800 K)=40%, therefore.
[ Meanwhile we know the annealing process is not com-
R T D T S pleted at T=800K. From Fig. 2 we readf.,(800K)

o]
o

60

40

20

Annealed fraction (%)

g asymmetry (%)

400 500 600 700 800 900 =0.62x f,(e°). Combining this with the given lower limit
Temperature (K) at 800 K we finally obtairf . ,()=65%. Even 100% can-
not be ruled out, however, due to the aforementioned uncer-

FIG. 2. Temperature dependence of the total asymnagt(pot-
tom) and the cubic asymmetrg.,, (top) at Bo=0.4T, Bll(100.
The absolute position of tha, trace is affected by an unknown
instrumental offset and has no significance. Eag, signal inten-

tainties.

Nse and N37(T,) as possible candidates fog,§could
not be distinguished by their spectroscopic signature. From
sity, in contrast, directly reflects the fraction of unperturBé\ﬂsg our annealing data,_ on t_he other hand,_ we get three_ |_ndepen-
(right-hand scale The solid line is a fit modeling a thermally acti- d€Nt arguments to identify iy, as Nse. First, we note itis a
vated conversion from Nto Ne, (see text The right-hand scale COMMonN situation that implanted light ions are located at
(aqy, Only) is normalized to the predicted saturation value of this interstitial sites, initially, and arrive at unperturbed substitu-
model. All data points above 800 (pen symbolswere measured tional sites Only after thermal aCtivatierf.O_lz Such a site
in a separate run with a slightly lower initial polarization. They change typically involves a short-range migration of about
were shifted byAa=1.1% to remove this artificial offset between 10°—10" jumps until a correlated vacancy from the own
both runs. implantation-damage cascade is encountered. We have never
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observed the opposite case that an implanted impurity woulgxtremely low'?N concentration we know, Ncontains one
need thermal activation to reach anterstitial location. and only one N atom. Furthermore, ¢ formed with a high
Second, we take into account that a postulatge-N; efficiency within a time much shorter than, even at room
conversion requires only one single stepy, the breakup of temperature. Thus we can exclude all scenarios for the for-
a pair with an intrinsic defegtsince interstitial sites are ev- mation of N, which involve long-range migration and inter-
erywhere available. This implies the pre-exponential factoCtion with distant native defects. A complex of of

for this process to be of the order of a lattice-vibration fre-With one intrinsic defecD;y, vacancy or interstitial of either
quency, i.e.,uo~102sL Using Eq.(2) to estimate the sublattice, created nearby in the implantation-damage cas-

depolarization rater in the N, state we obtainr cade of the very sam¥&N ion, is already the most compli-

~10%s 1/10°=10°s71, i.e., a spin-lattice relaxation time cated configuration we have to consider.

= P . So far, our experimental information on,ldan be sum-
Of. T1x= 1/r.~100 ps. However, n'ot even the hy.perfme COU- harized as follows(i) N, is either an isolated N atom or a
pling to an itself strongly fluctuating electron spin of a para-

. . N-Dj, complex (including the possibility of a somewhat
magnetic N could explam such extreme SLR rates for aseparated pair (i) It is paramagnetic in semi-insulating
nuclear spin. Note that this argument does not hold for th

- ) %nSe.(iii) N, can convert into isolated )i with an activa-
assumption of a N-Ns, conversion. Here, the aforemen- tion energy of 0.47%) eV. The participation of another in-
tioned short-range migration Wo_uld reduce the estimateginsic defect, especially a Se vacandysf) from the dam-
value ofr by 3—4 orders of magnitude. age cascade, in the latter process is possible.

The third argument in favor of the assignmeng,i¥ Nse We will now discuss the various possible configurations
is its thermal stability. Interstitial N, if mobile, could easily of N, and check whether their properties can match these
recombine with a surrounding Se vacancy according tahree conditions. We want to start with the assumption of
N3~ +Vsé*—Nge . A local supply of vacancies comes substitutional N. In this case, Nwould be a complex
from the implantation event and the strong Coulomb attracNg. D;,; and we had the following restrictions f&r,,;: (i)
tion should lead to a highly directed migration of tdwards it would have to be the paramagnetic partner singg il
its annealing partner. Estimating a number of 100 jumpsknown to be diamagnetic in our samplé@) after the disso-
needed for an encounter, we can express the recombinati@ation of the postulated compleR;, would have to migrate
time as 7= 100x 10~ 13 sx expE,,/kgT), WhereE,, is the  to leave the isolated &l behind. This implies a migration
activation barrier for Nmigration. From the conditiorr,,, ~ €N€rgyEy(Din) <0.47 V. From both conditions we can im-
>7, up to at leastT=950K, we would obtainE, mediately excludeV,, and Zn as possible candidates for
>2.1eV. The assumption of such a high migration energyPint it is known from magnetic resonance data that both
for a nonbonding impurityN®~ is electronically equivalent &€ q|amagnepci;qesgml-msu.latl'ng ZnSe and have higher mi-
to a Ne atom at a tetrahedral interstitial position is abso- gration energies. ™ Ther.e IS I'Ftle. experimental informa-
lutely unreasonable, to our opinion. Interstitial Zn, Li, and gtion available onVSe_but f|rst-pr|nc_|ples the_oﬁs? makes a
in ZnSe, for comparison, migrate with activation energies Ofclear §tatement th_at 't. should be diamagnetic, too, and there-

- fore violate condition(i). We can also exclude Sethe last
E,,=0.6—0.7 eV*140.495) eV ® and 0.613) eV (tentative

. tin Ref ivel d bl | remaining possibility forD;,; in this scenario. Ses an ac-
assignment in Ref.)7 respectively, and a comparable value ceptor , its paramagnetic charge state is SeThis is not

had to be expected for the assumed Caseisf)_f(mZn)' only a very large ior(ionic radius 2.32 Awith an unfilledp
For the three given reasons we discard the,,N shell for which a higher migration energy than 0.47 eV had
=Ni(Tzn) hypothesis and identify the cubic fraction with to be expected, N -Se~ pairs would also be Coulomb
Nge the unperturbed, ionized N acceptor. repulsive and are therefore unlikely to be formed, in the first
Through the remainder of this paper we will be concernecpblace. The fact that, to our knowledge, no experimental or
with the nature of the precursor defect NAt first, we note  theoretical work ever postulated such a pair may be seen as
from Fig. 2 that the total3 asymmetrya, and the cubic indirect confirmation of this argument.
asymmetrya.,, have the same temperature dependence: the All this means that no configuration involving a substitu-
conversion process,N-Ng, is accompanied by an increase tional N fits the properties of N The precursor state ofdy
of the total polarization. The detected polarization aftey  has to benterstitial N, therefore, either isolated or paired off
can never exceed the initial value directly after implantationwith a single intrinsic defect, and in a paramagnetic charge
on the other hand. Higher values af at elevated tempera- state. The annealing process involves up to three steps:
tures necessarily imply, therefore, a rapid depolarizafioa  the breakup of the ND,,; complex (dissociation energy
time T, ,<7p) of the probe spins in the Nconfiguration at  Eg), (i) migration of the isolated Nto find aVse, and(iii)
lower temperatures, a process which is only stopped whean annihilation reaction N-Vge—Nge Step (i) is not
the Se site is reachdthis conclusion can independently be needed, of course, if Ns just an isolated N In this caseE,
derived from the very low pre-exponential facjog/r in Eq.  would just represent the ;Nmigration energyg,(N;). Oth-
(2)]. In a 1I-VI semiconductor only hyperfine interactions erwise,E,=E4+ E,(N;), which still gives an upper limit for
with unpaired electron spins can depolarizil that quickly.  E.(N;).
In other words: N is aparamagnetiaefect in our samples. In summary, we implanted radioacti#éN ions in nomi-
Additional properties of Ncan be deduced from the spe- nally undoped ZnSe at stationary concentrations below
cific situation of our in-beam experiment. Because of thel0° cm~2 and studied its microscopic defect properties with
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B-NMR. A resonance signal front?N in an unperturbed cu- defect cannot be excluded. An upper limit &(N;)
bic environment is attributed to isolategNsearch scans for <0.47(5) eV is determined for the activation energy qf N
additional resonances were not successful. Despite the highgfffusion.
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