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Direct observation and theoretical interpretation of strongly enhanced
lateral diffusion of photogenerated carriers in InGaN/GaN quantum well
structures
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Strongly enhanced lateral diffusion of photogenerated carriers was directly observed in the
luminescent image of the InGaN/GaN quantum wells. Such an effect was quantitatively modeled
using diffusion equation and the ambipolar diffusion coefficient derived by K. H. Gulden and his
co-workers[Phys. Rev. Lett.66, 373(1991)]. Our simulation shows that the vertical piezoelectric
field existing in strained InGaN/GaN quantum wells is the original “driving force” for the
enhancement of lateral diffusion. Influence of the density of photogenerated carriers and their
average mobility on the enhancement was discusseP0@ American Institute of Physics
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Strained InGaN/GaN quantum well@WSs) play a criti-  of two representative samples 1622 and 1323 was reported in
cal role in newly developed GaN based short-wavelengtithe work. Sample 1622 has 2-nm-thick wells and
light-emitting devices. The current status in the study of 12-nm-thick barriers while sample 1323 has 3.4-nm-thick
GaN area is that the empirical development in light-emittingwells and 3-nm-thick barriers. The photoluminescence spec-
devices is advancing rapidly while the fundamental undertroscopy system used in the study has been described
standing on many issues of materials is struggling to catclreviously:
up and even still podt.One such issue poorly understood is ~ Figure 1 shows digital images of light emission from
the diffusion mechanism of photogenerated carriers iffamples 1622 and 1323 at 5 K. We also took the digital
InGaN/GaN QW structures. Recently, Huang and hisuminescent images of the samples at room temperature.
co-workeré reported an investigation on the lateral ambipo-Very similar images were obtainehot shown here The
lar diffusion in InGaN/GaN multiple QWs using optical central white circular regions in the two images in Fig. 1 are
transient transmission measurements. They observed a larft 1aser spots on the surface of samples while the turquoise
ambipolar diffusion coefficient in the structures and attrib-2€@s surrounding the central excitation spots and the green

uted this enhancement to the existence of strong piezoelef! Plue edge loops are the emission areas. In the laser exci-
tric field in the structures. They also found that the lateralioN SPOtS, the intensities of the luminescence signals are

ambipolar diffusion coefficient increases with increasing theba_swally constants along their radial d|rect|ons_ due_ to the
InGaN well width. These behaviors observed in theunlform generation of the photogenerated carriers in these

. : regions. It is clear that the light emission areas are much
InGaN/GaN QWs are very interesting and need to be quar\arger than the excitation spots. This unambiguously indi-

titatively understood. In this letter we give a direct lumines- P
. . e cates that the strong lateral diffusion of photogenerated car-
cent image evidence of the enhanced diffusion of photoge- .
nerated carriers in InGaN/GaN OWs and attempt ohers takes place. It should be noted that the enlarged lumi-
S . . MPt 10 escent area strongly indicates the nature of ambipolar
quantitatively simulate the phenomenon using diffusion

: . . . _diffusion. In other words, both electrons and holes simulta-
equation and an analytical expression af the ambipolar dlf'neously diffuse due to the Coulomb attraction between both
fusion coefficient derived by Guldeet al.” The simulation

o articles with opposite electrical charge. As pointed out b
results clearly demonstrate the original and central role of thé; g P g b y

; Sy e A airi and Miller,” a lateral electric field created by the verti-
piezoelectric field in the enhanced lateral diffusion of photo-
generated carriers in the structures. The results also reveal
that the density of photogenerated carriers and their averag
mobility have important influence on the enhanced lateral
diffusion. !
The InGaN/GaN QWs samples employed in the studyg .
were grown on sapphire with metalorganic vapor phase epi-g
taxy. The typical growth sequence of the samples is 30 nn® *
GaN nucleation layer grown at 500 °C, 1500 nm GaN buffer
at 1050 °C, four periods of InGaN/GaN QWs at 740 °C,
and 20 nm GaN cap layer at 740 °C. The experimental date
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FIG. 1. (Color online. The luminescent images of two InGaN/GaN QW
dauthor to whom correspondence should be addressed; electronic maisamples at 5 K under excitation of 325 nm UV ladey;is for sample 1622
sjxu@hkucc.hku.hk and (b) for sample 1323.
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FIG. 2. The 5 K PL spectra of two InGaN/GaN QW samples. Size (cm)

FIG. 3. Calculated in-plane diffusion region of photogenerated carriers in
comparison with the excitation spowhite circular region
cal separation of the photogenerated carriers due to the ver-

tical built-in or externally applied electric field in semicon-

a0, 0 1
ductor p-i-n or n-i-p-i structures results in the giant lateral Dam= —1‘)—&9; (2
diffusion. It is obvious that the strained InGaN/GaN QW T+ 0p N

structures possess the necessary conditions, i.e., the built-there o, =nu,e is electron conductivity and,=pu,e hole
strong piezoelectric field® and efficient screening effect of conductivity. From expressiof2), it can be seen that the
photogenerated carriers on the piezoelectric field; ap-  ambipolar diffusion coefficient depends directly on how fast
pearance of the giant lateral ambipolar diffusion. As shownthe energy difference is between the electron and hole quasi-
in Fig. 1, the strong enhancement of lateral diffusion of phoFermi levels with the density of separated photogenerated
togenerated carriers was indeed observed in InGaN/Galarriers. Once the quantiwnp/ﬁn is known the ambipo|ar
QWs. The corresponding photoluminesce(iee) spectra of  diffusion coefficientD,,,, can be obtained. The energy differ-
two samples were depicted in Fig. 2. ence between the quasi-Fermi levels of electrons and holes
When InGaN/GaN QWs are optically excited with a has an approximated linear relationship with the screening
beam of He—Cd 325 nm laser, the incident photons are atelectric field of photogenerated carriefsThat is, ép,
sorbed in the QW region and excess electrons and holes areg | e,
created. These photogenerated carriers will be vertically For the strained InGaN/GaN QW structures optically
separated by the vertical piezoelectric fidlg induced by ijlluminated, the net vertical electric fielH in the QW re-
strain. The separated carriers will produce a net fi&ddo  gions is given byEp—Esand can be calculated from numeri-
screen the piezoelectric field. In the region where no incidengally solving Poisson’s equatichHere we adopt an analyti-
light illuminated, the difference between the electron andcal expression oEgderived by Poolet alto calculategy,

hole quasi-Fermi levelséy, is determined by the vertical and thendg,,/an. Their expressions are given as follows:
piezoelectric fieldEp. On the other hand, in the light excita-

tion region where the incident light is absorbed, the verti- _ L-e &)
cally separated carriers screen the piezoelectric Egldhs a S 2e80 o=

result, ¢,, changes significantly because it is an approxi-

mately linear function of the separated photogenerated car- n

rier densit)f? Moreover, it has a lateral dependence due to the bnp = 2_LDLQe2 (4)
lateral intensity variation of the incident light beam. The re- &réo

sulting lateral gradients of both the electron and hole quasiand

Fermi level, ¢, and ¢, produce electric fields in the top and &2

bottom layers. These fields push both electrons and holes %@zﬂ (5)
laterally away and make enhanced diffusion possible. In the an 28,80

following equations, the subscripts nfand p refer to elec-
tron and hole, respectively. The symbolsjof, n, p, Dam
Mny Mp Lp, andLq represent current density, the electronic
charge, electron density, hole density, ambipolar diffusion, .. ; :

coefficient, electron mobility, hole mobility, thickness of therEgtﬁﬂtgnp:SO togenerated carriers in InGaN/GaN QWs can
electrically charged layer due to the existence of the strong
piezoelectric field, and total thickness of the quantum wells  dn(r) n(r)

including the barrier layers, respectively. The ambipolar dif- 4 ==DamV n(r) + e =0, (6)
fusion coefficientD,,, is defined bj‘/

where g, and gy are the relative dielectric constant of the
InGaN and the permittivity of vacuum, respectively.
The diffusion equation describing the steady-state distri-

where 7 is the lifetime of photogenerated carriers. Because
the lateral distribution of the photogenerated carriers is only
concerned in the present work E() can be simplified.
Furthermore, in the derivation of the ambipolar diffusion
coefficient*® it was assumed that the photogenerated elec-
Actually, the above equation also reflects such a fact that ntrons and holes have already separated in the vertical direc-
net electrical current generates in the structures. As mertion across the intrinsic region of thei-n structures. There-
tioned earlier, an analytical expression of the ambipolar diffore, n and p are functions of just the lateral dimensions

fusion coefficientD,, was derived as follows: (p,6). Here p and @ represent in-plane radial distance and
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TABLE I. Material parameters used in calculations. 0.12
1x10"%em’

= 010} ----5x10"/cm’

[t
Band-gap energy of Gal, (eV) 3.507 2 oos} s
Dielectric constant of GaN (in &g) 8.9 4
Mobility of electrons in GaNu,, (cm?V™1s™) 1000 8 0081
Mobility of holes in GaNpu, (cm?V's™) 200° g 00al ST
Lifetime of carriers in InGaN/GaN QWs (ns) 128 [ e
Thickness of electrically charged laykep (nm) 20 002y
Thickness of quantum wells regidr, (nm) 56 0.00 L— . .

[} 100 200 300 400
Average Mobility cm*V''s™)

“Reference 11.
PReference 12.
‘Reference 13.
“Reference 14.

FIG. 4. Calculated diffusion radius of photogenerated carriers as a function
of the average mobility of electrons and holes with different photogenerated
carrier densities.

polar angle, respectively. Equatio®) can thus be reduced to
a second order ordinary differential equation as follows:

n(p)
D7

of photogenerated carriers in quantum structure itself is very
interesting issue. The finding and confirmation of the effect
in InGaN/GaN QW structures may make them have impor-
tant potential applications. Moreover, studying this effect
also offers a good opportunity to enhance understanding of
In the numerical calculation of Eq7), the finite difference carrier dynamics in InGaN/GaN QW structures.
method was employed. The boundary conditions used were In conclusion, strongly enhanced lateral diffusion of
n(p) = 1.0 107cm™ at 0< p < 0.01 cm; photpgenerated carriers in InGa_N/GaN QWs was ce_rtainly
confirmed from the luminescent images. Theoretical simula-
tion to the enhanced diffusion effect was presented. The cal-
culated results quantitatively agree with the experimental

Figure 3 depicts the calculated in-plane radial distribu- . .
tion of photogenerated carriers in InGaN/GaN QWSs Struc_data. It is shown that the lateral gradient of photogenerated

ture. The parameters adopted in the calculation were listed ifarriers vertically separated by the piezoelectric field causes

Table I. Clearly, the distribution area of photogenerated car® lateral electrical field and then results in an enhancement of

riers is much larger than that of the excitation spjoist the lateral diffusion coefficient. The strongly enhanced lat-
central white region Here we defined the diffusion radius as eral diffusion effect in InGaN/GaN QWs may have potential

the distance from the center to the edge where the density plica_tions. At the same _time, it might_ s_ignificantly affect
carrier decreases to zero after a steady state builds up. Ob 5—8 0p_t|cal an(_j even el(_ectncal characteristics of InGaN/GaN
ously, the calculated results are in good agreement with th Ws light-emitting devices.
experimental data shown in Fig. 1. The influence of photo-
generated carrier density and average moblldgfined as
Mnttp! (n+ pp)] ON the enhanced diffusion was also exam-
ined. Figure 4 shows the calculated diffusion radius of pho-1s. Nakamura, S. Pearton, and G. Faddle Blue Laser Diode2nd ed.
togenerated carriers in InGaN/GaN QWs versus the average Springer, Berlin, 2000
mobility of carriers. It can be seen that the diffusion radius “N- M. Johnson, A.'V. Nurmikko, and S. P. DenBaars, Phys. Tofiay31
superlinearly increases with increasing the average mopility.gg?cc)?Huang, 3-C. Liang, C.-K. Sun, A. Abare, and S. P. DenBaars, Appl.
As expected, the larger the photogenerated carrier density thespys | ett. 78, 928 (2001.
longer the in-plane diffusion radius. Substituting E8). into “K. H. Gulden, H. Lin, P. Kiesel, P. Riel, G. H. Dohler, and K. J. Ebeling,
Eqg. (2) yields Dy (nLg), which can theoretically interpret  Phys. Rev. Lett66, 373(1991.
behaviors observed by Huang and his co-worRénge also > J: XU, W- Liu, and M. F. Li, Appl. Phys. Let77, 3376(2000.
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1
n"(p) + ;n'(p) - =0. ()

n(p) =0 atp=co.
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