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We modify the model of non-radiative carrier recamation on threading dislocation cores [Z.
Z. Bandt, P. M. Bridger, E. C. Piquette, and T. C. McGHiplid-State Electronicd4, 221
(2000)] to estimate quantitatively the light emissiefficiency in GaN as a function of the
dislocation density and non-equilibrium carrier centration. The model predictions are in
good agreement with available data on the minoctyrier diffusion length in GaN. The
dislocation density must be reduced, at least, dawr10d cmi? in order to provide a light
emission efficiency close to unity. The n-type kgrckind doping is found to be favorable for
the further efficiency improvement.

Preprint (2002)

Recent progress in the development of nitride-bagddelectronic devices has stimulated much interes
in fundamental properties of group-lll nitridesretitly related to light emission. Special attentisn
given to the luminescence of InGaN quantum wéif§, [the contribution of a piezoelectric field and
spontaneous polarization to the emission specify pnd the Coulomb effect on the radiative
recombination rate’f]. Recently, non-radiative carrier recombinationnitride compounds became a
central point of a number of studi¢sf,'°"], primarely with respect to AIGaN/GaN ultra-viol@tV)
light emitting diodes (LED) and photodetectors. Tdugrelation between the minority carrier diffusion
length and the dislocation density found for GENs{ipports the idea of dislocations being non-rika
recombination centers. A dramatic increase in thetgduminescence (PL) intensity at a low threading
dislocation density in GaN was reported 1*f]. A similar trend was also observed in InAIGaN L&D
where the dislocation density was reduced @ cmi® by using a special buffer layer heavily doped
with silicon [*¥]. However, there is still a lack of quantitativetimates for the dislocation density
acceptable to fabricate high-efficiency optoeleticaevices.

This paper is aimed at understanding the dislocaftect on the light emission efficiency in GaNgn

on a lattice-mismatched substrate like sapphirssilizon carbide. We modify the moded] [to get
guantitative predictions for the non-radiative metination rate. Within the modified model, we
calculate the emission efficiency as a functiontlokading dislocation density and non-equilibrium
carrier concentration. The latter enables one ¢dlipt the dislocation density necessary to getiatiae
recombination yield close to unity.

It is known that threading dislocations form in GaMumber of acceptor-like levels with the eneigy

lying within the bandgap "J*'%. Hence, the Shockley-Read approac¢h [s applicable to non-
equilibrium carrier recombination through the dggltion levels. In the case of non-degenerate cayrie

the recombination rate on the dislocatiofs, , can be expressed as

_ 2
Rnr= np ni . (1)
Tp(n+nD)+Tn(p+ pD)
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Here, n and p are the electron and hole concentrationis,and 1, are the lifetimes of electrons and
holes, respectively,

Ny = N @exp{EDk_TECJ : Py = N, [BX EVk_TED] : )

n =-/NcN, @xr(— Es /2kT) is the intrinsic carrier concentration in the sgnductor, E. and E,

are the energy levels corresponding to the conaludtand bottom and the valence band tBp,= E. -
E, . N. and N, are the electron and hole densities of statéiseirtonduction and valence bands,is
the Boltzmann constant, anfl is temperature.

Generally, the non-equilibrium carrier lifetimes and 1, are related to the respective generation rates
G, and G, by the expressionsnt, =G, and pT, = Gp . Following ], we consider the carrier

n

diffusion toward a threading dislocation core, acity inside a cylindrical volume surrounding the
dislocation. The cylinder radius is assumed tohe= (T[ND)1/2 , where N, is the dislocation density.
The two-dimensional steady-state diffusion equafmholes is solved with the boundary conditions:
() op/ar]|,. =0 and (i) D,op/ar|.__=SV,p (similar equations are also valid for electrons).
Here, r.. is the dislocation core radiuf), (D) is the hole (electron) diffusivity, an¥, (V) is the

hole (electron) thermal velocityS is the fraction of electrically active sites dretdislocation core. In
hexagonal (wurtzite) nitrides, the dislocation caadius r_. is equal to the lattice constaat in order of

magnitude (see, for instance, the dislocation cordigurations discussed if]). The value of S may
be taken equal to 0.5 for Ga-vacancy or N-vacancgscbut generally it depends on the dislocatipe ty
— screw, edge or mixed']. Boundary condition (i) allows an individual disiation to capture the non-
equilibrium carriers only from the selected cyliivdt volume. Condition (ii) accounts for the fabat
the capture rate is limited by the thermal carsiefocity in the material bulk. The solution of the
diffusion equations involving the generation ter@@s and G, with the averaging of the obtained
distributions of carrier concentrations over thdinder cross-section ar, >>r_ provide the carrier

lifetimes
a1 2D 3
Tn:(4T[DnND)l[Ea ”S——ln(naZND)} ,

S 2
Tp:(41'[DpND)_1[F:VD"S—g—In(nazND)} . (3)

p
The minority carrier diffusion lengths are related their lifetimes by the conventional expressions
Lo =+/Dnplop -

To estimate the radiative recombination r&E“, we use an equation valid for non-degenerate
carriers: R®=B{np-n?) . Here, B = 2.4<10" cn¥/s is the bimolecular recombination rate constant

determined experimentally in’[. Then the light emission efficiency can be defined as

r] _ Rrad _ B (4)
Rrad+Rnr B+|_Tp(n+nD)+Tn(p+ pD)J_l

Here, the carrier concentrations equal=n,+An and p=p,+An , where n, and p, are the

background concentrations controlled by doping riteerial, and An is the non-equilibrium carrier
concentration dependent on the excitation typelewel.
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Fig.1 shows the minority diffusion lengths as adiion of the threading dislocation density caloedhat
for the diffusion coefficientsD, = 2.6 cni/s and D, = 0.12 cri's [], thermal velocitiesV, = 2.6x10’
cm/s andV, = 9.410° cm/s [], n,=1.0<10" cm® , and S= 0.5. The dislocation-related energy was
taken asE, =E, + 0.4 eV to correspond to the acceptor-like asntedowever, the computation results
have proved quite insensitive tB, variation in a wide range. The experimental datehe diffusion

10" p—r—rrrrrr——rrrrr——rrrrr—— leNgth borrowed from Ref$f] are also
: ® nGaN . Bandiéetal ] plotted in Fig.1 for comparison. It is seen
— B p-GaN, Bandic et al. ] that the calculated electron and hole
% n-GaN, Chemyak etal. |1 diffusion lengths are very comparable with
- 10° F 4 each other, in close agreement with
< F 1  observations. The predicted variation in the
2 diffusion length with dislocation density fits
g well the data of Ref$f).
2 10" F p=012cm¥s
35 [ P )
= D =260cm’/s )
a S=05 ) Fig.1. Minority carrier diffusion length as a
102 \ \ \ function of threading dislocation density.
10’ 108 10° 10% 10" Lines are computations, symbols are the
Dislocation density (cm  ?) data of Refs’.

The quantitative agreement obtained enables usdahe carrier lifetimes (3) for estimating thehtig
emission efficiency in GaN as a function of thremgddislocation density. For this, we have chosen th
values D, = 15 cni/s and Dp=2 cni/s typical for a quality material with the respeetelectron and
hole mobilities of 600 and 80 éf-s. Plotted in Fig.2 is the light emission effiotyversus dislocation
density, calculated for various non-equilibriumraar concentrationsAn . For comparison, we also plot
the photoluminescence (PL) intensity as a functibdislocation density, measured i 1. One can
see a good qualitative agreement between the thaady experiment, indicating the threading
dislocations to be just the factor that controle fight emission efficiency in GaN grown on a
mismatched substrate.

Fig.2 demonstrates that the dislocation densitytrnaseduced, at least, down to £4@? in order to
provide a light emission efficiency close to unityp understand the effect of the background dopimg
the emission efficiency, we have calculated it dgretion of non-equilibrium carrier concentratitor
undoped, n-doped, and p-doped material (the ele@nal hole background concentration is taken to be
2x10" cm?). These results are presented

T B A I in Fig.3. It is seen that the n-type doping
> 10 —~ n-GaN is most favorable for getting the
< [ ! n .= 1x10” cm® @ maximum efficiency in the wide range of
.g 0.8 15 non-equilibrium carrier concentrations.
= {3} — g  This is due to a lower hole diffusivity in
c 06 i 4 & n-GaN, which is the limiting factor for the
-% . > rate of carrier capture on the dislocation
g 0.4 {1 2 cores.

o | —— Aan=5x10"cm® ‘E
5 02 F — an= 5x101 Cm:z 1 = Fig.2.. Light emission efficiency in GaN
3 [~ An=5x10"cm o calculated for different non-equilibrium
0.0 ” . S . " 5 ” " carrier concentrations (lines, left axis) and
10° 100 100 100 100 100 107 10 the PL intensity (circles, right axis) as a
Dislocation density (cm ) function of dislocation density.
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Generally, an increase in the non-equilibrium eardoncentration a higher efficiency via saturatdn
the non-radiative recombination channel. Neverd®l¢he efficiency still remains below ~10% at the
dislocation density as high as®kin?.

The model suggested also predicts that the matesialoped with n- and p-impurities can provide a
higher radiative recombination yield. Indeed, aiphcompensation from co-doping lowers considegrabl
the carrier diffusivities. This, in turn, increastee dislocation-mediated carrier lifetimes, whiish
favorable for the light emission

10° ' - ' | efficiency. An additional benefit may
> come from the carrier localization away
e from the dislocations due to the electric
2 potential fluctuations.
E 10 E
(<)
c
o
2
g 10 3
) Fig.3. Light emission efficiencyersus
% . non-equilibrium carrier concentration
= 10° 3 GaN | calculated for n_—doped (n), p-doped (p),
'15 et s aaaal = et aaaal = et aaaal = PR AW W T T i and undoped (I) GaN. The background
10 10 10 10 103 concentration of electron and holes in
Non-equilibrium carrier concentration (cm ) doped material is*210"" cm® .

To conclude, a modified model of the carrier recoration on threading dislocation cores has provided
estimates of light emission efficiency in GaN gromm a mismatched substrate like sapphire or silicon
carbide. The theoretical approach was verified bsngaring the predicted minority carrier diffusion
lengths with those measured experimentally. A realste quantitative agreement with the observations
is reached by accounting for the finite capture i@tnon-equilibrium carriers on the dislocatiomeso
The estimates show that the dislocation densityt inegeduced, at least, to’1@m? in order to get an
emission efficiency close to unity. The efficierman be remarkably raised by intentional n-type dgpi
of the material.

The above approach can also be applied to otheeaetgion materials, like AlGaN, important for UV
LEDs and detectors. At low dislocation densiti&g, tontribution of deep-level traps to the non-atde
recombination becomes essential. However, this tiaddi non-radiative channel can be easily
accounted for within the model suggested.
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