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Group-llI-nitride semiconductors (GaN, AIN, AlGaN/GaN heterostructu-
res) display a number of outstanding physico-chemical properties for appli-
cations in high-power, high-frequency electronics and short-wavelength opto-
electronics [1,2]. Gallium nitride (GaN), the most thoroughly studied member
of the nitride family, has a large direct bandgap of ~3.4 eV and is commonly
grown heteroepitaxially on foreign lattice-mismatched substrates, such as
plane sapphire or SiC [1,2]. Transmission electron microscopy observations
show that device quality GaN epilayers usually contain high densities
(~1C*+ 10" cm?) of vertically aligned threading edge dislocati¢fEDs) [1,2].
Density-functional-theory based electronic structure calculations [3] have
suggested that the cores of TEDsvitype GaN can behave as lines of accep-
tors and become highly negatively charged. Electron holography measurements
[4] have yielded the result that a negative charge accumulation at a Ti=D in
GaN indeed takes place, and that the filling factor[5-11], of dislocation-

related acceptor states in the bandgap assumes high valuefs-likeOptical

absorption experiments [12,13] found that edge-dislocation core charges in
plastically deformedn-GaN are also very highf 03. For comparison, in

plastically deformedh-Ge crystals the experimentally determined typical values
of the filling factor are much smallerfs, ~102+10" (Refs. [6,7]).

It has been proposed in previous theoretical studies [8-11] that in de-
generately doped-GaN and related nitride epilayers the dielectric screening of
a highly negatively chargedf(~1) TED can be accurately described by the

conventional Thomas-Fermi (TF) shielding scenario. In this scenario, the self-
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consistently screened electrostatic potengial(r) around a uniformly charged
dislocation line assumes the form [8-10]

b (0) :¢0Ko{/‘ij’ (1)
TF
¢, =2felec, 2)

1/2
e =[ (ag 1 A)m 1 an)R ] (3)
and the axially-symmetric distribution of the capending electric field is
given by [12,13]
_0¢r _ 9o P |_% L Pl A <<1,
e = Lok, L= B ” )
0o e e P (o] 24 Y 2 exptp I ), Pl A >>1.
Above, p is the radial distance from the dislocation axis; is the TF

B (0) =

screening length expressed in terms of the Bohiusad, = £4?/me’and the

carrier concentration, eis the charge of the electron with effective masghe
dielectric constant of the medium is denoted &yandc is the atomic-scale
distance between the acceptor centres along tHecdi®n line; K,(x) and

K,(x) are, respectively, the zero- and first-order medifBessel functions of

the second kind.

As can be noticed from the fundamental structur&af(3), the quantum
length scale originating in the TF screening pietiias no information about the
charged state of the line defedfl; /of =0. What this circumstance physically

means, is that the actual screening mechanism topgi@ound an electrically
active dislocation in degenerate nitride layers lwaronceptually different from
the one suggested by the school of thought [8413fhis communication, our
objective is to present physically transparent merations for showing
explicitly how a highly negatively charged disldoat line piercing through a
guantum gas of electrons can be effectively scieree classical mechanism.
In the course of this development, we introducentbigon of the critical carrier
concentration, at which a hitherto undescribed swesr is occurring between
the quantum and classical screening mechanisms.

Let us start our analysis by introducing the cowarenergy of the re-
pulsive electron-dislocation interaction via rebati

e (0~ A ) ~ 69y =U, /3,

where U, characterizes the magnitude of the upward bandlibgnin the
vicinity of the line defect. As long as the banadieg in a quasiclassical [14]
electron gas with the Fermi ener@y =7?(37°n)?®/ 2m (Refs. [8-11]) remains

weak,
Uy <<Ey<<Eg,

EO ~ i ~ e_2 n1/3
mik €
or even becomes moderately strong,
By <<Ug<<Eg, (5)
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a transition to the ultra-quantum limit - « is always possible, and the
screening length (3) can be obtained, e. g., malizing [15] the cylindrically-
symmetric Poisson equation for the dislocation [Bg5]. The situation be-
comes qualitatively different, however, in the ogip®extreme,

Ey << Ep <<U,,
since now the passage to the limit « is clearly prohibited. In order to obtain
an asymptotically correct screening picture in ttiong-coupling [16] case,
one may rewrite the expression (3) in an alteredivm,

E 12

p :ATF(EF)=( £ j , (6)
67/e°n

and perform in (5) a passage to the lirgjf<<U, - E- . Under this limiting

transition, then -dependent Eq. (6) reorganizes it's structure iessential way
and delivers the result

12 V2
e (Be HUO)H( o j =[L¢Oj =R,
677e°n 277en

where the f -sensitive length scale,

.l

en

shows no explicit dependence sn

It is apparent thaR of (7) has the same physical meaning as the radius
the screening cylinder constructed by Read [5,6uad an acceptor-type dis-
location line in a non-degenerate electronic sendoetor with shallow (com-
pletely ionized) donors. The reason for the appesrafR in our study is
obviously connected with the fact that the mechan the negative line
charge screening by the space charge [5,6,16] sifiyely charged donors is
clearly insensitive to the type of the electron gemistics. It is therefore clear
that under degenerate doping conditions the scdeeteztric field [12,13] of
the dislocation line can be described not onlyHsy TF formula (4), but also by
Read'’s essentially different expression,

2
Er(0) =-%=%{1-(§J } PSRE A

We now proceed further by noting that in accordamite Eqgs. (3) and (7)
the ratio of A (n) On™"° to R(n) 0 n™Y2 can be represented as

1/2 13
ke _(Ee ) _(n
R(nN) (U, Ny,
where the critical Fermi gas concentration,
3/2
8 f -3
N =—V3| — On~,
° nzf(caB]
establishes a crossover point between the quantuim, ¢>1, R<<A O#)

and classical f/ ny <<1, Az <<R) screening regimes. If the filling factor of the
dislocation acceptor levels is sufficiently largé %> f,~c/ag, c<ag), then
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this point of crossover automatically finds it'ssidence in the quasiclassical
[14] range of carrier densities,

g ag ~ (f / fo)V2>>1.
Furthermore, as can be seen from the scaling oalatj(f) 0 f¥?, the con-
ditions for the realization of the classical medbanof screening become more
(less) favorable in heteroepitaxial systems hodtiighly (weakly) charged dis-
locations.

In wide-gap GaN the conduction band electrons ather “heavy”,
m~0.2m, (Refs. [8,10,11]), whereas the dielectric constantnot large,
£~10(Refs. [3,8]). Using for rough calculations thesemerical values to-
gether with f ~1(Refs. [4, 8-11]) and~5x10° cm[1-4], we obtain for the

characteristic parameters the following estimatgs:0.2, n,= 10**cm?>. The
relevant point here is that in GaN the Mott conraian is located around
ny =10 cmi®[17]. One thus has a good reason to expect ththisrmaterial the
TF regime of dislocation line charge screening 3-dan manifest itself only at
extremely high doping levelsy, <<n,<n.
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Theoretical studies have suggested in the pastirihd@generately dopedGaN
and related llI-nitride epilayers the dielectricemning of highly negatively charged
dislocations is governed by the-dependent Thomas-Fermi mechanism. Here we show
how in this super-wide-gap material system theesdrgy of the dislocation line charge

can occur in afi -independent way. We also describe the salienufeatof the critical
carrier concentration, at which a crossover takiexep between the quantum and
classical screening regimes.
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Ujjmubipjud GaN-nud pmguuwljut thgp Ynnn nhuinjughuyh
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pnn b mbbktw] bwluwbnpbl wy gquuwlut swugmd: Rimpugplus E Skpdh-qugh
lunnipjut wyt mhpnypp, nputy ghuniughwitph ypubwynpdut pJuinught k-
huwthqup thnpawlEpuynud | puuwfuih:

C. A. Bab6asan, JI. b. OBakumsH,
yieH-koppecnionaeHT HAH PAT'. I'. MateBocsin, I'. b. Hepcucsn

00 3xkpaHUpPOBAHNHU OTPUIIATEIHHO 3aPSIKEHHON AUCTOKAIIUH
B BhIpoxkaenHom GaN

Ha coBpeMeHHOM 3Tamne TEOPETUUECKUX UCCICAOBAaHUM MPUHATO CUUTATh, YTO B
BeIpokieHHOM N-GaN skpaHupoBaHHE OTPHUIATENIBFHO 3apSDKEHHBIX KPAeBBIX JAHCIIOKA-
LIMHA OCYILECTBIIICTCS MOCPEACTBOM KBAHTOBOrO MexaHum3ma Tomaca — ®@epmu. B Ha-
cTosiieil paboTe MOKa3aHO, YTO B BBIPOJKACHHBIX IIMPOKO30HHBIX HUTPUIHBIX IOIY-
MIPOBOJHUKAX 3aKOH SKPaHUPOBAHUS JUCIOKALIMOHHOIO 3apsjia MOXET MMETh Cyle-
CTBEHHO MHOE — KJIACCHYECKOE MPOUCXOKACHUE. V3ydeHbl OCHOBHBIE XapaKTEPUCTUKU
TOH KPUTHYECKOW KOHLEHTpauuu depmu-rasa, HUKE KOTOPOW KBAaHTOBBIM MEXaHU3M
SKPaHUPOBAHUS 3aPSKEHHOMN TUCIOKAIMY 3aMEHSETCS KJIAaCCUUECKUM.
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