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Free-carrier mobility in GaN in the presence of dislocation walls
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The free-carrier mobility versus carrier densityrisiype GaN grown by low-pressure metal-organic vapor-
phase epitaxy on a sapphire substrate experiences a particular behavior that consists of the appearance of a
sharp transition separating a low- from a high-mobility regime. This separation appears as soon as the carrier
density exceeds a critical value that depends on the growth process. Using low-field electrical transport
simulations, we show that this particular mobility behavior cannot be simply interpreted in terms of dislocation
scattering or trapping mechanisms, but that it is also controlled by the collective effect of dislocatiofttvealls
columnar structune As the free-carrier density increases, the more efficient screening properties result in the
transition from a barrier-controlled mobility regime to a pure-diffusion-process-controlled mobility regime.
The model permits us to reproduce the experimental mobility collapse quantitatively.
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[. INTRODUCTION as usually, characterized by a columnar cell structure consti-
tuted by threading dislocations more or less arranged in walls
The promising possibilities of GaN for advanced elec-(rough subgrain boundariesA rough estimate of the dislo-
tronic devices operating at high temperature and high powefation density is about 210'° and 5<10°cm™?, respec-
density have recently raised some attention for the experidVely, for seriesa and seried). Itis found that varying the

mental and theoretical studies of its transport properties. 1§rOWth conditions in order to improve the crystalline quality

practice, GaN layers are mainly grown using the meta).Of the material leads to a smaller value of the critical carrier

organic vapor-phase epitaxlOVPE) technique on highly density at which the steep transition in transport regime oc-

lattice-mismatched sapphire substrates. Thus, as evidenc%ﬁlrsﬁ]?é%ssttrrﬁgiiggl:illi'tl;ely to be a fingerprint of the mate-

by transmission electron microscogf EM) observations, In order to understand the low-mobility regime irtype

bulk material is, in the state of the art, generally character g |ayers, numerous theoretical simulations of the trans-
ized by very large dislocation densitiggypically in the oot properties including the dislocation scattering mecha-
range 16 to mid-13°cm %) more or less arranged in wallS: pisms have been undertakeh'®-1#All of them converge to

the so-called “columnar cell” structure. In such material, the C|aim that dis|ocati0ns do actua”y Strong'y affect the mobil_
room-temperature carrier mobility measured experimentallyity at low temperature and/or at low carrier density. However
has often been found to be extremely low at a Iowype  classical transport approaches remain quite unable to de-
doping level while it reaches standard values for larger dopscribe the sharp collapse of the mobility versus the free car-
ing. This behavior is singular when compared to the classicafier density for a given temperature. In Refs. 5 and 6, we
behavior that shows that the carrier mobility is mainly con-have already reported that this behavior cannot be described
trolled by phonon and ionized impurity scattering, and as &y assuming that dislocations only act as scattering centers.
consequence the lower the doping level the larger the carridn the present paper, we qualitatively and quantitatively
mobility_1_4 In our case, the mobility versus carrier density show that it results from the presence of dislocation walls
presents an even clearer trend as it displays a sharp transi- = 500

tion, which separates a low-mobility regime as long as the o

carrier density is lower than a critical value, from a large- = 400 Series O

mobility regime (the so-called mobility collapse in Refs. 5 % 4 -

and 6. This particular behavior has been seen in several S 300 k.

series of samples grown by low-press(r®) MOVPE using = °

the two-step procedure described in Refs. 7 and 8. 8 200 4 ° ?%&00&»
Figure 1 shows an example of two sets of experimental § 100 %

points corresponding to two families of layers grown with = L aaak Series &

two different growth processes: the transitions occur at about S 0 ° t‘t@‘m @3

8x 10 and 2x 10" cm™3, respectively, for seriea and se- 1018 1077 1018 1019
ries (). For each series, the only variable parameter is the
concentration of the Si dopaiitiluted silang, so samples
belonging to a given series are expected to possess quite FiG. 1. Evolution of the 300-K Hall carrier mobility as a func-
identical defect substructures. Our experimental procedurgon of the Hall carrier density for two sets of GaN layers: seties
allows us to eliminate the result dispersion found in litera-(white circles and series) (black triangley each grown with a
ture. TEM observations indicate that any of our samples is, specific growth proceséef. 8.

Carrier Density (cn3)
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(i.e., the dislocation substructyrewhich act as electronic since B*=—1 when w,—0. Since formula(2.2) directly
barriers as long as the screening properties of the materigbnnects the collision time to the classical relaxation time,
remain quite unable to separate the energy band bendirthe present simulation could be performed by extensively

associated with in-wall-neighboring dislocations. using the standard expressions of the relaxation time as, for
instance, those described in the comprehensive work of
Il. TRANSPORT ANALYSIS IN TERMS OF DIFFUSION Ridley8in order to account for the ionized impurity, acous-
PROCESS tical and optical phonon and carrier-carrier scattering mecha-
_ _ _ nisms.
A. The theoretical frame of the present simulation Concerning dislocations, the study of their role on the

The most recent works found in literatdré%24con-  mobility of GaN is surprisingly restricted in the referred
cering low-field transport analysis of GaN have beenliteraturé®™3!to the so-called “core effect” scattering
mainly performed in the frame of the relaxation time con-mechanisms though it is known for a long time that the dis-
cept, which, in principle, may only be defined in the particu-location strain field also prompts other scattering mecha-
lar case ofisotropic and elastic scattering mechanisnts.  nisms through the deformation potential and the piezoelectric
GaN contains a very large dislocation density and is alsgoupling™®*®We review briefly, in the following, the dislo-
characterized by a very large energy of the optical phononsation trapping and scattering properties that have been con-
(91 meV). However, in this case also we expect that thesidered in our simulation. These properties will also be used
carrier mobility will strongly depend ofti) the dislocation to ground our model of barrier-controlled mobility in the last
content, which is a typical example of amisotropicscat-  section of this paper.
tering center, and offii) optical phonon scattering mecha-
nisms, which are the prototype felasticscattering mecha- B. Dislocation properties
nisms. Even if the use of the relaxation time may be
extended to such cases as an approximation, we preferred to
ground our own simulation in the framework of the so-called In ball and wire models, dislocations are defects whose
dynamical transport theorywhich has been recently pro- core atomglocated along the dislocation lindo not possess
posed to deal, in a consistent manner, with anisot’é@is  the same number of first neighbors as atoms of the perfect
well as with inelastit’ scattering mechanisms. In this theory crystal. Thus, at first sight, such core atoms may be seen as
the relaxation time is replaced by a collision time that de-bearing dangling orbitals whose energy lies within the en-
pends on the orientatignof the applied electric field ;. It ergy band gap and should confer to the dislocation some
can be shown that the collision time reduces to the classicaleep acceptor or donor character. However, a more funda-
relaxation time expression for isotropic and elastic scatteringnental analysis issues froab initio calculations which un-
mechanisms(impurities, acoustical phonons, and carrier-ambiguously indicate that, for all the crystals studfed®
carrier scattering while, for anisotropic and elastic scatter- and more recently for GaRf,the dislocation core structure is
ing centergdislocation$, Eq. (2.17) of Ref. 17 gives fully reconstructed. This reconstruction results into the pres-

ence of shallow one-dimensional density of states lying be-

1 me? ,0j 3 low the conduction band or above the valence bands. A pre-
(k) mf Vioi(a)] k_125a(8k+q_8k)d a cise numerical calculation of such shallow states was

(2.1  undertaken in Ref. 25, in the framework of the envelope

function approximation, by assuming that they originate

wherej is the external field direction ant(0)=Vis(d.@  from long-range binding potentials connected with the dislo-

=0) is the Fourier transform of the inelastic scattering po-cation strain field through the deformation potential and pi-
tential Vi(r t)=V.(r,w)e”. For isotropic but inelastic ezoelectric potential coupling. In this approach, the- *
scattering mechanism@ptical phononsEq. (2.18 of Ref.  edge” threading dislocations in Gafthose that are mainly

17 gives involved in the formation of subgrain boundaries of the co-

lumnar cell structureshould bind shallow electronic states

1. Energy states

2

1 —_B* me? J' IV o, @ )|22quj lying at about 100 meV under the conduction band. Never-
o (K) (2m)°h +tol @ @0)[" 2 theless, because of their Cottrell atmospherade up of
-~ 3 segregated impurities or point defectas-grown disloca-
X a(ek+q~ e+ hwo)d™q tions may also bind localized states through extrinsic mecha-
_B* nisms rather than because of the intrinsic properties noted
= , (2.2 above. Thus, the existence and location of dislocation energy
7a(k) states remain open questions, and we consider in the follow-
where ing such states and their enerBy, below the conduction
band as being a free parameter for fitting our mobility mea-
+ - surements.
BizifO(;k ﬁﬂf)o)/ fO(Sk), 2.3
wo(dfo/de),, 2. Dislocation state statistics

fo(e) being the equilibrium occupation function. Note that  Forgetting about the one-dimensional band structure of
Eq. (2.3) generates the result for elastic and isotropic centethe dislocation states, we may consider that all of these states
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are, on average, located at a valtg, and closely spaced effect” corresponding to théscreenel Coulomb potential
all along the dislocation line. Thus, it is clear that carriersassociated with this linear charge and whose Fourier trans-
trapped on such states interact electrostatically, increasini@rm is obviously given by
therefore the free energy of the whole system by an amount \
AF given by Voo Q)= ;2 8(0) 2.6
AF=ny(Egisio— Er) + Eeled Nt) —KkgT IN[Q(Ny) ],
t(Edsio™ Er)+ Eeed o) ~ka TN Q0] (2.43 for a dislocation lying along th®, direction[which implies
the presence of th&(q,) function]. x(q) stands for the static
wheren, is the number of carriers trapped along the wholedielectric function used to account for screening effects.
dislocation linesE is the Fermi energykeed n) is the elec-  Note that this “core effect” is the only scattering mechanism
trostatic interaction energy of the trapped carrigeening  that has been considered in the other studies on the role of
effects includell kg is the Boltzmann constant, afiithe  dislocations in GaN% 14
absolute temperatur€(n;)=D!/[ (D —n,)!n,! ] is the num-
ber of configurations leading to the distributionrgfcarriers 4. Long-range strain field scattering
among theD sites located along the dislocation lines. Vari-  piqncations also provide other scattering mechanisms
ous models can be usgd o calculate the screened INteractighL are connected with their long-range strain field through
energyEeedny) as, for instance, the concept of depleted re-y, o yeformation potential and the piezoelectric coupliing
gion aroun_d the dislocation lifi¢(as done for the Stu%g()f nonpolar materia)s In direct-band-gap semiconductors, the
Schottky diodel or the usual Debye-Hakel screening” deformation potential tensd® associated with the conduc-
Minimizing AF versusn, leads to tion band reduces to a constdhy times a unit 3 3 matrix
| so that ife(q) represents the Fourier transform of the strain
‘?Eelec(”t)_k-r dlIn(Q(ny)] tensor, then the resulting deformation potentgs(q) is
any ang ’ given by @:e=E,l:e=E; Tr(e) where the symbol : indi-
(2.4b cates the contracted product of two tensors. Thus, the

. . screened potential is
where we have assumed that the dislocation energy state

E 4isio do€s _not depend on its _occ_upatin_n(i.e_., IE gisio! Ny Vop(Q) = 0:8(q)/ k(q) =[E4 /x(q) ]t e(q)]. (2.7
=0). Looking at an amphoteric dislocatiéwhich can act as

acceptor as well as dongnwhoseD sites may accommodate In nonpolar materials, the piezoelectric coupling also occurs
2D electrons and introducing the occupation factarorre- and may be deduced from the second Voigt equafion
sponding to the neutral dislocatidso that the dislocation =«E+e e, whereD is the displacement vectok=¢ggye|
possess R¢ electrons when electrically neutyathen, the the material permitivitye the piezoelectric tensor, arklthe
excess carrien; trapped at the dislocatiofand transforming electric field. Since no net charge is introduced in the mate-

JAF
an, 0=Eqgisic—Er+

it into a charged lingis given by rial by the dislocation strain field then d®f=0. Thus
div(kE) = —div(e: g). Taking the Fourier transform of the
1 latter expression, and introducing the dielectric funcfias,
n;=2D &\, (2 ' | i =
t Equot Wiy —Ex 3 (2.9  for 2mst;a\nce_:, thE Debye-ftkel expressionx(q) =g (1
1+ex KaT +kpp/d%) with E= —grad(Vyiez0 ] , we find
wherew(n,) =dEgedNn,)/dn; is the derivative versus; of Voerd Q) =i q[e—s(q)g (2.8
the screened electrostatic interaction energy between trapped . eok()q

carriers. Analytical expressions of(n;) are standard. They
may be found in Ref. 26 for the depleted region approxima:
tion or again in Refs. 27 and 28 for the DebyédKal
screening approach. Slightly different expressions are o
tained when the dislocation only provides donors or acceptor
states instead of amphoteric states. In our calculation, expre . ; ) . .
reading dislocationsdo not couple any piezoelectric

sion (2.5 has been included in the neutrality equation in X . )
25 y €q otential®® However, we nonetheless introduced in our

order to consider the dislocation trapping effect on the carrieP" ; - ; . ; .
statistics Pping simulation the possibility that a given fraction of dislocations

could have partially oblique orientations and induce some
piezoelectric scattering potentials.

Finally, these strain field potentials were evaluated mak-

Formula(2.5) allows to determine the linear charge den-ing use of the isotropic elastic medium approximation for the
sity A=n;e/Db of the dislocation lines, where represents  dislocation strain field determination. Such an approximation
the distance separating neighboring traps along the dislocavas shown to be sufficient in Ref. 29 and allows the use of
tion line ande is the electron charge. This linear chargethe standard expressions of the dislocation strain field as
prompts a first scattering mechanism: the so-called “coreghose given in Ref. 30. The whole calculation has been done

Note that for a dislocation lying along t@; axis, the Fou-
rier transform of the strain field(q) also contains a/(q,)
bf_unction similar to the one that appears in E2.6).

In the particular case of GaN, the piezoelectric tensor is
uch that dislocations parallel to tlweaxis (in practice the

3. Core effect scattering
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TABLE I. Main parameters entering the numerical calculation, from Ref. 35.

Conduction effective mass* 0.20

Dielectric constants g (w=0)=8.9,¢ (w=»)=5.35
Deformation potential E,=8.3 eV

Optical deformation potential D,=6.12x10° eV/icm

Piezoelectric constants €33=0.44, e;=—0.22, e;5= —0.22 C/n?
Energy band gap Eg=3.39 eV

using the Debye-Htkel dielectric function x(q)=¢g (1 to GaN in Ref. 32 and used in Ref. 33 to explain the ther-
+k2DH/q2)' WherekzDHzneZ/(sostBT), for the determina- mally activated conductivity in undoped GaN layers. How-
tion of screened scattering potentials. ever, this kind of model is unable to explain the sharp mo-
bility transition or again the existence of a critical carrier
C. Theoretical results in terms of pure-diffusion mechanism density at which it occurs. In our former approe@cthle in-
Simulation of the mobility in terms of pure-diffusion pro- ternal barriers associated with the walls of dislocations were

cesses have been undertaken, including all the contributiori!PP0osed to have fixed height and were overcome by the
recalled in the above subsections. The physical parametef&Ters, because of a subsequent motion of the Fermi level
used are the standard values found in literat(ftable ).  When increasing the dopant density. Typically, such a model
Some examples are given in Fig. 2 for a compensation ratié2ds to a fixed critical density at which the sharp mobility
N,/Np arbitrarily chosen equal to 0.5. It shows a typical transition occurs and which roughly corresponds to the tran-
determination of the mobility versus temperature for various>ition between the nondegenerate to the degenerate electron
dislocation densities and for a donor density of®ron~3. |t ~ 9aS behavior when increasing the dopant denSiey, at a
more particularly shows that dislocations mainly act as effivalue laying near the g”t”[‘?'c conduction band density of
cient scattering centers at low temperature. The highStates at abou’_c~2><_;01 cm™). Thus, it was impossible to
temperature range is principally dominated by the ionizecEXPlain why this critical carrier density value would depend
impurities as well as by optical phonon scattering. Nonethe®n tr;e d_esfect substructure and could be as low as 2
less, dislocation densities larger than'%@n 2 noticeably qul cm * as obtained in the second series of GaN layers
affect the mobility in the whole temperature range. Calculat(S€ries(}) presented in Fig. 1. _ .
ing the mobility versus carrier density at room temperature, !N the present model, we suppose that dislocations are
whatever the density of dislocations and the position of theif€SPonsible for localized energy states closely spaced all
bound states, we are unable to reproduce the singular beha®°ng their line. Because of a large density of states, such
ior shown Fig. 1: a model taking into account the effect of €VelS are attracted, at equilibrium, by the Fermi level and, in
dislocations in terms of the pure-diffusion mechanism cannotn€ rigid shift approximation, a resulting band bending oc-
produce the transport regime transition. This allows us t¢Urs around the dislocation line, in a way similar to what
claim that this mobility collapse does not originate from h@Ppens in the depleted region of a Schottky diode. This shift
pure-diffusion mechanisms even if dislocation propertiescorresponds in fact to the quantity(n) introduced previ-
(trapping and scattering mechanigmae self-consistently OUusly. Reversing Eq(2.9), it is given by
considered in the simulation.
1—¢—n!/2D
&+n/{/2D

Ill. A DISLOCATION BARRIER MODEL w(n;)=Eg—EggotKsTIn ) . (31

The idea of a barrier-controlled mobility has already been

suggested for polycrystalline silicon filmisfurther extended However the ration; /2D is generally very small so that us-
600 ing an occupation factor of about 0.5 for the neutral disloca-

tion, thew(n/) quantity is approximately equal to the differ-
ence between the Fermi level and the neutral dislocation
binding energyE 4510 Figure 3 illustrates such a band bend-
ing.

The band bending shapte-(r) may be found by assum-
ing that, within a given radiug, the area surrounding the
dislocation line is depleted. Then, using the following

[9;]
[s 3R =1
o O

mobility (cm2/Vs)
N w B
(=] o
o o

-
(=]
o

o

0 100 200 300 400 500 600 700 800 boundary conditionsEc(0)=Er—Egs, and Ec(R)=0,
temperature (K) Poisson’s equation around the dislocation line is given by
FIG. 2. Carrier mobility versus temperature for various disloca- .
. » X . 1d/ dv (Np—Np)e
tions densities. From the top to the bottom, curves are obtained with AV=— —|r—|=—-~—— ¥ (3.2
Ngiso=0 (no dislocatiop, 5x10°, 10° 2x10° 5x10° and rdr\ dr €08L
10" cm 2 In all the cases, the compensation rakig/Np is 0.5
and the donor density is ¥cm™3. and withE(r)=—eW(r), its integration leads to
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Obviously, a lot of other more or less refined estimates of the
&E A g saddle-point characteristics can be obtained but, in practice,
— Er they lead to quite identical final results.
— One can already notice that relati¢®.5 permits us to
define a simple rule of thumb for a fast estimate of the criti-
V.B % cal free carrier density at which the steep transition in trans-

port regime occurs: the ratiy Riicq iS quite constantif the
dependence oEg— Eg, Versusn is neglectegl or, equiva-

@ ) lently, the producticd? is quite constant. For instance,
one can anticipate, before making any calculation, that for
the two series presented in Fig. 1, the sergsresents dis-
location spacing that is on average 2 times lower than the

CB M 2 one for series), which would be consistent with the fact that
© o the crystalline quality is improved from the first series to the
second. At the limit, an extreme behavior would be met for
FIG. 3. Schematic representation of the dislocation inducedsaN layers grown in optimum conditions such that there is
band bending of the conduction barié) represents a neutral dis- no marked grain boundarigas for instance in atmospheric
location; (b) represents a negatively charged dislocation with en-pressure MOVPE a series of such layers should not display
ergy levels shifted towards the Fermi energy leve).represents  any transition in the electrical transport regime nor any mo-
individual dislocations(d) 3d represents a barrier induced by dis- pility collapse.
locations. So let us now approximate the barrier saddle point to a
squared potential barrier of energy heidhy,; and thickness
E_E. ) B for r<R dspr- We assign to this point a tunnell transmission power
(Er—Edisio) AN*2 (3.3 T(e) whose expression can be found in any textbook. In a

2

Eelr) 0 for r>R mat_eri_al free of energy barriers_, each carrigr_ of energg)
' statistically contributes to the final conductivity through the
while E¢(R)=0 leads to elemental contribution to the current densijty=edf v,
wherev, =% k/m* is the carrier velocity 5f, is the modifi-
R=2\* [EF— Edisio (3.4 cation brought to the Fermi-Dirac occupation function of
kgT ' statek by the applied external field .. As soon as such a

carrier meets a potential barrier, it contributes, in fact, to the

— _ 2
¥vhere|| )a’.cﬁ_ ‘/S]QSLkBt-:;/(NF NA)IeD' bNgltdelael that M  \yhole current by the effective elemental contributiph
ormaily difiers from the classical Debye- screening =T(&y)jx- Thus, the whole current density in the presence

wavelength given by Apy=+eoe KgT/N€®>  where of barriers is given by
n=Nj—N,—n,.
We consider now a family of neighboring dislocations
belonging to a subgrain boundafgne dislocation wall j*=2ef T(&y) 8f w3k, (3.8
Such dislocations should result into the existence of internal
electronic barriers as long as the mean distahseparating  wheren, is the k density of states and where a factor 2 is

two neighboring dislocations would be smaller thaR [Fig.  introduced to account for the two possible spin values. Then,
3(d)], otherwise dislocations may be considered as indepensf, s classically given by

dent scattering centeférig. 3(c)]. Thus, a rough criterion

that separates the barrier-controlled mobility from a pure- ot

diffusion process is ofy=— (—) 7o(K)vF appis (3.9
k

de

d<2R=4\* \/ﬂ)—) barrier-controlled mobility. where, in the framework of the dynamical theory, the colli-
keT sion time 7y (k) given by formula(2.1) replaces the standard
(3.5 relaxation time. Integrating E@3.8) and defining the carrier
Whend< 2R, the energy at the saddle poi&{ of the bar-  mobility . by the relationj =née’uF, one obtains the mo-
rier, localized between two neighboring dislocations, is giverbility versus carrier density evolution.
by

2 IV. DONOR STATISTICS

B
Espt: 2E¢(d/2)=2| (Er—Egisio) — 1_6 )\_*2) , (3.6

The above section clearly shows that our model strongly

while its thicknesslg,, is approximately given by depends on the location of the Fermi enefgy, which is
determined by solving the neutrality equation

d2
— 2_
dsp=2\ R*— 7~ (3.7 n=N$—Njx—n,, (4.1)
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N
o

the donor energybecomes of the same order of magnitude
as the mean distance between impurities. Some conduction-
band tailing occurs and must also be considered. To over-
come these points, we have considered that the spreading of
the donor density of states could be described by the follow-
ing Gaussian function:

w
o

-
o

donor binding energy (meV)
N
o

Np(E)=Np—— e [(E-Ep)/al” 4.3

o\

(=)

1016 1617 1018 . . .
whereNp is the donor density and is a parameter repre-

carrier density (cm~) senting typically the dispersion in the interaction energy be-

FIG. 4. Impurity binding energy vs the donor density in the gg)(rasenlt: Ot;gz:]gfcrﬁgliritiged éfrr;asn%%ﬂlglo (Z:Sf:gg;;;jtr?slgh-
hydrogenic impurity model calculated withmg =0.22m, and e . S 9 P . .

-89 interaction between a bound electron and the neighboring
impurities (Coulomb, exchange, and correlation potenjials

wheren is the free carrier density in the conduction band,!n this paper, this term iarbitrarily chosen as

Np the density of ionized donord|, the density of ionized 2

e

compensating acceptors, ang the density of electrons o=y —, (4.4
trapped at the dislocation line given by expressi@mb). 4meoe

Therefore, the Fermi-level position is strongly dependent oRyherea~ (Np) ~ 3 represents the mean spacing between im-
the way the donor statistics is described. purities. It is noteworthy to see thataccounts for the dis-

The experimental results shown in Fig. 1 range from apersion in the impurity spatial distribution and, consequently,
region where the material is moderately doped towards g jikely to vary from one growth process to the other. It is
region where it is “heavily” doped. Various physical conse- clear that low doping leads to smatlvalues. In such cases,
qguences arise from this fact and introduce some complexityhe Gaussian function acts as a Dirac function of widtso

in the theoretical description of the donor statistics. that

(i) As the dielectric response will also increase with the
carrier density, this should result in a decrease of the donor limNp(E)=NpS(E—Ep). (4.5
binding energy. To account for this effect and calculate the o—0

binding energyEp versus carrier density, we used the fol- T
lowing simple argument as suggested by Bonch—BruyevicI?e
in Ref. 34. In the unscreened hydrogenic model, the Hamil
tonian p?/2m* —e?/e;r leads to an energyEp(r)
=h212m*r2—e?/g r for a carrier atr from the donor. Its
minimum reached forr* =#%¢ /m*e? corresponds to

Ep(r*)=—m* 94(2712285' In the ﬁasezof a screened hydro- gescribed by Eq(4.3 would be in resonance with the con-
genoid Hamiltoniarp®/2m* —e™"*ore/e 1, the same pro-  qyction band, giving rise to free carriers, while impurity
cedure can only be performed numerically. Results argistes whosg value is lower tharfE* remain localized states
shown in Fig. 4. Th.ey clearly indicate that the donor bindinginat can only be ionized because of the thermal energy. With
energy Ep(n) vanishes forn values larger than~1.5  the apove points, the full ionized donor density is finally
X 108 cm™3 for mE=0.22m, ande_ =8.9. given by

(i) It is then tempting to introducEp(n) in the standard
expression of the ionized donor density given by

o account for the conduction-band tailing, we have consid-
red that the conduction-band edge would spread down to a
value E* =E-— ¢, where ! has an equivalent meaning to
that of our first parametes. For the sake of simplicity we
have takery= ¢ in the numerical computation.

For energy valueg larger thanE*, the impurity states

+ * E*
NszE*ND(E)dEJr L Np(E)fp(E)dE

Np
+
ND_1+ge[EF*ED<n>]/kBT’ (4.2 Np E*—Ep Np [e* e[(E—ED)/(r]z
- - = —erfc( ) & kgt dE;
whereg is the donor level degeneracg# 2), and then sim- 2 o o ) -=1+ge"F B
ply numerically solve Eq(4.1) considering the results shown 4.6

Fig. 4. This being done, the carrier concentration with in-
creasing donor densit\p is found to progressively saturate where erfc is the complementary error function. It is worth
so that, in practice, it is impossible to obtain any carriernoticing that the limit of Eq.(4.6), when o tends towards
density without introducing unrealisti¢oo large values of  zero (low doping, corresponds exactly to expressigh2).

Np . Itis clear, however, that expressioh2) can no longer Contrarily, for extremely large dopant densitieBp(n)

be used when the material starts being heavily doped sincequals zero and expressiéfh.6) affirms that practically all
phenomena other than screening effects occur in parallehe Ny donors are automatically ionized. The above ap-
such as the appearance of an impurity band as soon as tpeoach is only intuitively grounded. It must be considered as
crystal impurity radius * (corresponding to the minimum of a way to get a continuous description of the donor statistics
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- N estimates:® The location of the dislocation level under the
g, 600 \\\\ conduction band turns out to be a sensiblg parameter that
& Y determines the mobility value and behavior in the low-
L 0 N mobility range. The better fit of the experimental results
2 SR shown in Fig. 1 corresponds to a location at about 200 meV
2 \\9 under the conduction band. Such a value noticeably differs
= 200 s o “% from that (100 me\} found in Ref. 23 using intrinsic argu-
£ o a “‘ ments. It may be a clue that as-grown dislocation levels do
S 0 CothA o° result from an extrinsic decoration of the dislocation line by
101 1017 101 1019 some impurities or point defects.
Carrier Density {cm*) Obviously other possible experimental trends can be

found and forecast for some other choice of the compensa-
FIG. 5. Modeling of the mobility versus carrier density obtained tion ratio, other dislocation densities, etc., in order to fit other
at 300 K for two different distances between neighboring dislocaseries of layers. For instance, a nonoptimum epilayer growth
tions in order to fit the experimental curves corresponding to Serie@emperature may favor the growth of more compensated lay-
aandQ in Fig. 1: open circlesd=380 A and a compensation ratio ers because of unwanted carbon incorporatiand this may
equal to 0.4. Full trianglesd=650 A with a compensation ratio resylt in a series of points laying on another curve but the
equal to 0.3. The dashed lines represent the mobility obtained with||apse position should not change at all as the distribution
the same dislocation densities and same compensation ratios but i# yisiocation has not changed. Here it appears again clearly
terms of pure-diffusion processeso “wall effect”). that the study of the mobility collapse is a valuable tool for

. . . . the assessment of material qualfity.
ranging from moderate to heavily doping. We have arbi- a y

trarily choseny=1 in the numerical application. VI. CONCLUSION

V. THEORETICAL RESULTS _ Inserting a ppmprehen;ive list of sc;attering mechanis_ms
(ionized impurities, acoustical and optical phonons, carrier-

Using this model, we are abte quantitatively reproduce carrier scatteringand including all the characteristics of dis-
the steep transitiorof the mobility-density plot taking real- location trapping and scattering mechanisms in our low-field
istic parameters for the dislocation densities and their meatransport simulation code, it was impossible to find any con-
spacing in the dislocation wallg@s obtained from TEM ob- figuration leading to a good description of the experimental
servations Figure 5 shows two theoretical curves that can fitbehavior of the mobility versus the carrier concentration in
the experimental trends presented in Fig. 1. The values faerms of pure-diffusion mechanisms. Instead, we paid atten-
the high-mobility regime have been intentionally chosention to the dislocation substructure mainly built up of dislo-
slightly higher in order to account for the fact that the ex-cation walls(subgrain boundari¢sAssuming that the dislo-
perimental Hall mobility is slightly lower than the free car- cation density of states is responsible for some band bending
rier mobility (see, for instance, Ref)5The two dashed lines around the dislocation lines, we could deduce a condition
represent for each case the mobility that would have beeindicating when the carrier mobility is either controlled by
obtained with the same dislocation densities, randomly disinternal electronic barrier@s long as the dielectric response
tributed, without considering their collective effect when of the material remains unable to separate the band bending
partially organized into dislocation walls. It appears clearlyof neighboring dislocationsor would simply correspond to
that the distance of neighboring dislocations in the subgraisome diffusion processes associated with independent dislo-
boundaries needs to be increased almost double in order tmations. Such a model fits quite well the mobility collapse
account for a shift of the collapse by a factor of 4 between observed as the carrier density is reduced in columnar cell
and() series: typically the average spacing of dislocations inGaN samples and clearly illustrates the importance of the
the seriesa should be chosen equal to 38 nm and for therole of the dislocation spatial distributiafthe defect “sub-
series(), 65 nm. The compensation ratio has to be chosemtructure™), which, to our best knowledge, is generally ne-
slightly higher for the seriesr than for the better quality glected in similar dislocation problems. Finally, it allows us
series() (0.4 and 0.3, respectivelyThe dislocation densities to claim that dislocations are, at least in our samples, respon-
needed for the fit have been, respectively, taken equal to Sible for an extrinsic linear density of states on average lo-
x10° and 2x10%cm™2 in agreement with the TEM calized at about 200 meV under the conduction band.
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