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It has recently become apparent that “standaidiv-concentration and low-compensatidgheory

for donor—acceptor paiDAP) photoluminescencéPl) is totally incapable of explaining results in
highly doped and compensated material. It can be noted that such material is often of high
technological interest. It has been argued, mainly qualitatively, that the discrepancies result from
potential fluctuations due to random ionic charges. We here presgmarditativetheory for cw

DAP PL, using an approximate model. We also present data for the concentration and intensity
dependence of DAP PL in heavily doped ZnSe:N, and show that the results are explained very
satisfactorily by our fluctuation model. @999 American Institute of Physics.
[S0003-695(199)01135-3

Wide-band-gap semiconductors are presently of high inachieved mainly by adding phonon repli¢a®©) to the spec-
terest for various device applications, which require goodrum. However, the estimated magnitude of the
doping in bothn and p material. Historically, it has been fluctuation§® is usually larger than the energy of the LO
difficult to obtain this and, when obtained, such materialsphonon, so that phonon replicas should be washed out by
have often been highly compensateee, e.g., Ref.)1 fluctuations.

PhotoluminescencéPL) has been extensively used to Following our earlier treatmeritthe energy of the emit-
characterize wide-gap materials, since it is convenient, norfed photon fiv) of the DAP PL in the presence of potential
destructive, and can be quite informative. However, althougffluctuations of energy** is
PL is generally quite well understood in low-doped
materials it is becoming increasingly apparent that heavily ~ Nv=Ec—(EatEp)+ €*/eR+U[¢], 1)
doped and compensated materials contain potential fluctua- ] . . .
tions, which strongly affect the PL. yvhereU is Fhe so-call_ed fluctuation ter(gwgn_m Ref. 3,_R _

We shall here focus on donor—acceptor g&AP) PL, is the pair separanon, and the remaining notation is
where cw spectra have been routinely used to obtain dongitandard. Following Ref. 3 we also us&=hv—Eg+E,
and/or acceptor energies in the lightly doped caddewever, +Ep as an emission energy, insteadrof. It IS very impor-
for the highly doped materials of current interest, the pLt@Nt to realize that whildv is always positiveE can be

bands are strongly shifted toward the red, as well as bein§ither positive or negativedepending on the magnitude and

strongly broadene(tkee, e.g., Refs. 4 and 5 for ZnSe, Refs. 6 sign of the fluctuation energy tem? in EQ). :
and 7 for GaAs, and Ref. 8 for GaNwith these effects In the random fluctuating potential only donors with lev-

increasing with doping.A simple qualitative explanation for gls below, and.acceptors with Ieyels above,. the gqrresopond-
ing quasi-Fermi levelg.p and e, (i.e., neutral impuritiedN 5

such phenomena is given by the fluctuation model as fol- ndN®) will contribute to the lumin nce. Moreov
lows. Here, the redshift is due to the recombination betwee D) vitl co ute 1o Ihe iuminescence. VIoreove,
and up will depend on the excitation intensity.

the electrons localized in the “valleys” and the holes local- oo :
y The quantitative treatment of this problem becomes rela-

ized in the “hills” (see, e.g., Fig. 3 of Ref)5The broaden- tively simple if the quasi-Fermi level of the majority dopant

ing results from the wide range of photon emission energies . . )
which are made possible by the potential fluctuations. Fur?WhICh we take ag.,) is not appreciably changed by the

thermore, higher doping levels andfor compensation giV(%excitation from the Fermi level in the dark. This will be
, H ; ; ot . fulfilled for (Ng)photogenerateﬁ(Ng\)dark [nOte that Ng)dark
stronger fluctuations. More detailed, but still qualitative, dIS-ZO]’ which holds forN >N, and for low excitation inten-

cussions can be found elsewhéré. sities;N, andNp are the concentrations of acceptors and of

In the present Ie_tter we show thgt quantitative, analyt'cbompensating donofZ. Now, only up will change under
results can be obtained relatively simply by use of an aPgycitation

proximate model, in which the Fermi level of the majority In general, the experimentally observed PL intensity is

dopant remains essentially constant. We note that the onlyee mined by the concentrations of neutral impurities, by

other quantitative anglyz(i)s of such PL is an attempt Viane probability of radiative transitiona)V(R), and by the
Monte Carlo simulations, where band broadening was quasi-Fermi levels 4p, in the present approximatianThe

latter must be obtained self-consistently as a function of the
aElectronic mail: ik29@columbia.edu disordet® (the magnitude of the fluctuationand the excita-
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DA where erfx] is the error function; we also introduced the
screening radiu®; and the freezing temperatuﬂ'eg.3 It is

264 - . important to note that the screening radius itself must be
calculated self-consistently. We are not aware of any unique
way to calculate this, but by use of the Debye-ekeil ap-

260 i proach one can show that it is a reasonable approximation to
relateRg to T, as(see, e.g., Ref. 20 and references therein
RZ=¢Ty/8me*(Np—N2).? Then one can obtain

1 RI=eT [4me®Np[1—erf(up\eR/26?Ty) 117 L. (5)

Sample A1 This equation together with E¢6) allows one to obtaimp ,
¢ gzzp:zg | self-consistently, as a function of the normalized intensity,
P by solving the following transcendental equation:

2.56

Peak Position, eV

252

- 9= (1/2) {1+erf up (e[ 32Npe®T4(1-9) 1) Y]}, (6)

We now specialize to the case of low excitatiop 1. First,
this means thag in the denominator of Eq6) can be ne-
FIG. 1. Peak position dependence on normalized excitation intensity foglected. Second, Oa.S previously Stoated, we reqgiremall
e s e e esperimera dte an S0l nes 1 Menough S0 that M3) rrogenras (N AS @ third re-
—0.066, =0.007, andeZ/eR,=46 meV for sample A;z=3.80, 5  JUIrEMeNtNp<Np; this also meanssee abovethat, as
—0.089,71=0.003, ande?=R,=57 meV for sample B; and=3.10, »  10Ng asg remains small, changes Rs with excitation are
=0.110,n=0.001, ande?/sR,=69 meV for sample C. negligible. Thus, all changes in the spectral position can be
predominantly attributed to the movementof, toward the
conduction band. Simplifying further, by using the first term
in the asymptotic series for a functiont+®erf z] with z<1
[sinceg<1, it follows from Eq.(6), thatup e RSIZeZTg is a
relatively large negative numbmwe get

IE(g):47TNANDf0 dRRP(R)W(R) g=—exp—udl(2Jmn), 7

Normalized Excitation Intensity

tion intensity. Then, the luminescence intensip(g) per
unit energy at an energy as a function of excitation inten-
sity g [s tcm ™3] can be written

where = up\eRJ/26°T,. Further,u in the denominator of
Eq. (9) can be replaced, over a fairly wide range of the quasi-
XO(up—ee(r))e (2 Fermi level, by some average valug,, since the exponent

: . in the numerator is changing much faster than®. Then,

where W(R) =W, exd —2R/Rg] (Rg is the Bohr radius of ; - .

. ) . t th tral t f th :
the shallower impurity; see, e.g., Ref.)1#(R) is a prob- we obtain thecentral equationof our theory
ability distribution function for_ the interimpurity §¢paration pp=— \/_ 2e2Tg In éj/sRs, ®)
R (e.g., Refs. 15-19 a ¢ function selects a specific photon R
energy’ <~-->é¢} means the functional average over thewhere we introduced a renormalized excitation intengity

al

X(S(E— (e*/eR) +e[o(r+R)—o(r)])

fluctuations’® and N2 =Np(O (o—€¢(r))),, Where®  =—2/mGkave-
is the © function?! Now we can obtain an expression for the PL intensity by

For P(R) we use the nearest-available-neighBdAN) performing explicit averaging in Ed3):
modell’~1° .

() = ANANWoRS
P(R)=[1+ (47/3)}(Na—Np)R3] L.
w 5/2

If we introduce the quantum efficiency of excitatiop, N /S_RSJ du u P(u)
<1, then the number of emitted photons will be equajtp e’TgJo  Ju—1+exd—u]
Furthermore, the integrated intensitwer all possible emis- ~ )
sion energiesalso givesyg=J"_1z(g)dE, which allows us > ex;{ —tu—7 (Eu—1)
to calculateup as a function ofg (note that, as has been u(u—1+exd—u])

pointed out aboveE: can be either positive or negatjve

\/—2In(ju+\/7—7(ﬁu—1)“ .

Ju(u+1—exg —u])

=(0(up—e¢(1))(g} B with P(u)=1[1+n¢3%6] 1. We have introducéda di-
whereg is a normalized excitation intensity. Here, the aver-mensionless eneréﬁ=aRsE/e2, as well as the paramgters
age of the® function represents the fraction of donors which §é=2Rs/Rg, 7=€%/(4T¢eRs), and n=" m(NA—Np)Rz.
are neutral, i.e., those which are active in recombination proEquation(9) gives the spectrum of the zero-phonon line of

citation intensity for the case of relatively low intensities and

0=(1/2)[1+erf(upe RSIZeZT%)] (4) NiL\> Np
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TABLE |. Samples characteristics. 1G. F. Neumark, Mater. LetB0, 131(1997.

P — 2p. J. Dean, irProgress in Solid State Chemistedited by J. O. McCaldin
Sample rf Power, W [N], 10®cm DAP Peak Position, eV and G. Somorja{Pergamon, New York, 1973Vol. 8, pp. 1-126.

3. Kuskovsky, G. F. Neumark, V. N. Bondarev, and P. V. Pikhitsa, Phys.

A 180 2.660
B 280 2626 Rev. Lett.80, 2413(1998.
. to o ; ' .
C 300 2 2528 P. Baume, J. Gutowski, D. Wiesmann, R. Heitz, A. Hoffmann, E. Kurtz,

D. Hommel, and G. Landwehr, Appl. Phys. L&iZ, 1914(1995.
5C. Kothandaraman, G. F. Neumark, and R. M. Park, Appl. Phys. G&tt.
3307(1995.

6 ) ) )
For comparison to the theory, we have taken data on J. L. PankoveQptical Processes in Semiconduct@Bover, New York,

three different nitrogen-doped ZnSe samples, all grown un="p . vy, c. k. Peng, and H. Morkod. Appl. Phys65, 2427 (1989,
der conditions giving heavy doping—samplés-C (see  ®L.Eckey, U. von Gfug, J. Holst, A. Hoffmann, A. Kaschner, H. Siegle, C.
Table ), grown with increasing rf power of the nitrogen Thomsen, B. Schineller, K. Heime, M. Heuken, O. Sthand R. Beccard,

; ; = J. Appl. Phys84, 5828(1998.
source, which leads to hlgher compensaﬁ?o?‘? and thus 9. Kuskovsky, Ph.D. dissertation, Columbia University, New York, NY,

stronger fluctuations. We note that the valuedgf- N for 1998,
these samples could not be detected@4aV profiling??i.e.,  1°p, Baime, J. Gutowski, and D. Homme®roceedings of the 23rd Inter-
they were all highly resistive due to high compensatioote national Conference on the Physics of Semiconduc®eslin, Germany,

that the values ONA— Np still can be relatively large while edited by M. Scheffler and R. ZimmermaftWorld Scientific, Singapore,

. S ; NJ, 1996, Vol. 4, pp. 2957—-2960.
the concentration of free carriers is too low to give ObserV_llThis equation is easily obtained by application of the energy conservation

able current¥). The cw DAP spectra of these samples are law, given that in the case of impurity disorder the intrinsic band gap is

shown in Ref. 25. This also discusses the results in terms ofindependent of the coordinate; in other words, the profiles of the conduc-

Eq. (8), which gives very satisfactory qualitative agreement. tion and valence bands are the sgisee, e.g., J. S. Blakemoi®emicon-
Here we checked quantitatRfeagreement of the peak ,,ductor StatisticsDover, New York, 198}, as well as Ref. &

. L. . . . Experimentally, dark values dfl, and Ny can be determined, at least
Shlﬁ _Versus eXC|tat|qn intensity. F_Igure 1 ?hQWS _the p_eak approximately, by temperature-dependent Hall measurements. Alterna-
positions as a function of normalized excitation intensity. tvely, N,—Np can often be determined -V profiling; however, if an
The observed shifts are 48, 53, and 75 meV for samples A, impedance analyzer is used, this method breaks down unless these is an
B, and C, respectively. These large shifts, as well as their adequate free-carrier concentration.
increase for samples with Iarger fluctuations, can be eX£3The magnitude of the fluctuations depends on the concentration of ionized

. - . . species, which depends on doping and compensation. An appropriate mea-
plained py our model, as follows. With increasing pumping, ¢ i given bye?/eR. ; R, is the screening radiusee Ref. &
the quasi-Fermi level would move closer to the band edgessg _.;. viand G. F. Neumark, Phys. Rev.4B, 17043(1993.
according to Eq(8), giving a blueshifted PL. Furthermore, 5D. G. Thomas, J. J. Hopfield, and W. M. Augustyniak, Phys. Re,
the change in the position of the quasi-Fermi levébe Eq. A202 (1965.

16 i
(8)] Aup=\26°T,/eR; and would be larger for samples ;" = Hagsion. & Lumis ;2536%%?]:983
ith larger fluctuations, sincBg is now smaller. Thus, one 1s; o’ e '
wi ) s : J J. R. Eggert, Phys. Rev. B9, 6669(1984).

expects that relative changes in the peak position are largetc. J. Chou and G. F. Neumark, Phys. Rev3® 10858(1989.
for samples with larger fluctuatior8. 20y N. Bondarev and P. V. Pikhitsa, Phys. Rev58 3932(1996.

We also present in Fig. 1 the fit obtained with the use of 'In the standard approach, the concentration of neutral impurities is deter-
Eq. (9)—solid lines. In all cases, we used 2.667 eV for mined from the kinetic balance equation. In this approach we shall intro-

. - duce the spatially dependent concentration of neutral impui®g)
(Ec—Ea—Ep), which corresponds tdes=2.822 eV,E, =NpO® (up—ee(r)), where the® function ensures that only donors with

=0.110 eV?" and Ep=0.045 eV?® We note that all param-  jevels belowu, are neutral, i.e., only donors with levels belgwy will

eter values used in the fit, as well as their progression from participate in the radiative recombination. We replaced the concentration
sample A to sample C, are reasonable. In particular, note thatof neutral acceptors by the total concentration of acceptors.

e?/eRg, which can be regarded as a measure of the strengfhy- Marshall (private communications

. . ) o Y283 Qiu, J. M. DePuydt, H. Cheng, and M. A. Haase, Appl. Phys. Bit.
of the fluctuations, increases steadily from A to C, in line 298;2199]) ey eng. an aase, Appl. Phys. B8

with the rf power used for growtfsee Fig. 1 caption Fur- 24k kimura, S. Miwa, C. G. Jin, L. H. Kuo, T. Yasuda, A. Othtake, K.
thermore, the values aéZ/sRS are in excellent agreement Tanaka, T. Yao, and H. Kobayashi, Appl. Phys. L&tt, 1077(1997).

. . A . 25 . .
with photoluminescence excitation data. I KE_S"OVS'?;EG-ZZt-h’\:etumaT: V-Il\é B?ndafevy af;ﬁ PF-)r\]/- F"kh'?SBD- .
: . ceedings of the nternational Conference on the Physics of Semicon-
In CO.nCIUSIO_n’ we presen.ted a theoretical StUdy_ of cw ductors edited by D. GershofWorld Scientific, Singapore, 1999
DAP PLin heaV"Y doped S.emmclmdUCtors- together V\_/'th datas|n the case of relatively large pumping intensitiegien our approximate
on the concentration and intensity dependence of this PL for theory is no longer satisfig¢din addition to theup effect, there will be a
several such ZnSe:N samples_ The theory, based on the fluclower concentration of charged impurities, and thus, a decrease in the
tuation model, gives an excellent agreement with the experi- magnitude of the fluctuations. This reduces the fluctuation energy term in
tal dat ’ di ticul lai titativelv th Eqg. (1), and results in an additional blueshift of the spectra. It is important
men a_ a_a' _an m_ par ICl_J ar_’ explains quant a vely _e to realize that the onset of the shift due to such increased neutralization,
blueshift with increasing excitation, as well as the increase in which can be related to a change Ry, would take place earlier for

this blueshift with increasing compensation. samples with smaller fluctuations than for those with large fluctuations.
Moreover, this effect makes quantitative comparison of the peak shifts per
Support for this work from DOEGrant No. DE-FG02- decade of excitation intensitgspecially in a limited range at high inten-
98ER45694 for two of the authorgl.K. and G.F.N) and 27;"“‘39[;’9W awbgt“‘:_us- G EN « B J. Fitzoatrick. and R N. Bh
. J. Dean, W. Statius, G. F. Neumark, B. J. Fitzpatrick, and R. N. Bhar-
NRC (G_rant No. CU01637301for one of the authors gava, Phys. Rev. B7, 2419(1983.
(V.N.B.) is gratefully acknowledged. The authors also wouldzs| 5 Hauksson, J. Simpson, S. Y. Wang, K. A. Prior, and B. C. Cavenett,

like to thank Philips Research for providing the samples.  Appl. Phys. Lett.61, 2208(1992.
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