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Electron beam-induced increase of electron diffusion length
in p -type GaN and AlGaN ÕGaN superlattices
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The diffusion length,L, of electrons in Mg-dopedp-GaN grown by metal-organic chemical vapor
deposition was found to increase linearly from 0.55 to 2.0mm during 1500 s of electron beam
irradiation. Similar trends were observed forp-type Mg-doped GaN and AlGaN/GaN superlattices
grown by molecular-beam epitaxy. While the electron diffusion length inp-~Al !GaN depends on
irradiation time, the diffusion length of holes inn-GaN remains unchanged, withL;0.35mm. We
attribute the observed diffusion length change inp-~Al !GaN to an increase in the minority carrier
lifetime. This increase is likely due to electron beam-induced charging of the deep metastable
centers associated with Mg doping. The concentration of these centers was estimated to be
;1018cm23. The minority carrier diffusion length increase inp-~Al !GaN, which occurs during
electron injection, may lead to self-improvement of the bipolar transistor characteristics. ©2000
American Institute of Physics.@S0003-6951~00!03532-4#
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The minority carrier diffusion length,L, is a critical pa-
rameter for GaN-based heterojunction bipolar transis
~HBTs! and solar blind photodetectors. The diffusion leng
of carriers, injected from the wide band gap emitter of
HBT, determines the base transport factor. This, in turn,
fines the common-base and common-emitter current ga1

It is important not only to know the absolute values ofL for
the HBT base, but also to understand the factors which ca
the time dependence of the diffusion length.

Several deep levels, located 1.1, 1.4, and 2.04 eV ab
the valence band edge, were identified inp-type GaN. These
levels are likely associated with Mg doping and are poss
responsible for the persistent photoconductivity behavio
GaN.2 In this publication, we report an electron beam
induced increase of the electron diffusion length inp-type
GaN and AlxGa12xN/GaN (x50.1,0.2) superlattices and a
tribute this increase to charging of these deep centers.

Metal-organic chemical vapor deposition~MOCVD! and
molecular-beam epitaxy~MBE! were employed for growth
of both p-type GaN layers and AlGaN/GaN superlattice
The p-type GaN layers were;2.0 mm thick, whereas
AlGaN/GaN superlattices had 20 periods with;10-nm-wide
barriers and wells~total thickness of;0.4 mm!. Hole con-
centrations of;231018 and 431018cm23 were measured a
room temperature for the AlxGa12xN/GaN superlattices with
x50.1 and 0.2, respectively. The hole mobility,m, in both
superlattices was;1.2 cm2/V s. For MOCVD and MBE
p-GaN layers,m was;7 and 3.5 cm2/V s, respectively. The
measured hole concentration was in the range of 3
31017cm23 in both cases. A 3-mm-thick MOCVD n-GaN
layer (n;231017cm23) was used as a reference sample

a!Electronic mail: chernyak@physics.ucf.edu
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The electron beam from a scanning electron microsc
~SEM! JEOL 6400F was used to locally irradiate th
samples. Depending on the thickness of the layers, an e
tron beam accelerating voltage of 10 and 20 kV was us
This corresponds to an electron range,R, of 0.36 and 1.20
mm, respectively.3 L measurements, using electron beam
duced current~EBIC!, were carried outin situ in the SEM. A
planar metal–semiconductor~Schottky! configuration was
used for this purpose.L was derived from the EBIC line
scan.4 The scanning was carried out by moving the electr
beam starting at the edge of the Schottky contact pad. A
completion of a line scan~16 s!, the process was repeate
Total time of the multiple line scan was up to 1500 s~for
p-type samples!, depending on the film thickness. The irr
diation volume was calculated based on the beam penetra
depth and the distance covered during the line scan~;4.4
mm, at 325 000 magnification!. The total charge was deter
mined as the product of multiple line-scan time and absor
electron beam current, measured by a Keithley 480 pico
meter~0.65 nA at 20 kV and 0.13 nA at 10 kV!. A Stanford
Research current preamplifier and home-written softw
were used to record the EBIC line scans. The samples u
investigation were considered as a bulk material, since thL
values, measured perpendicular to a sapphire substrate,
found to be at least 4 times lower than the sample thickne4

There were no EBIC resolution limitations as well, since t
ratio R/L<4 was satisfied for all of our measurements.5

First, we performed hole diffusion length measureme
in the referencen-GaN sample. This resulted inL of ;0.35
mm, which remained constant for at least one hour of el
tron beam scanning across the region under investigat
The total electric charge, injected into this region, was 2
31026 C.
© 2000 American Institute of Physics
to AIP copyright, see http://ojps.aip.org/aplo/aplcpyrts.html
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Electron beam irradiation ofp-type material resulted in a
significant increase of the minority electron diffusion leng
as shown in Fig. 1. The general trend for all thep-type
samples is a linear four- to eight fold increase ofL from the
initial values. This takes place within;1500 s for GaN
samples and within;540 and 660 s for Al0.1Ga0.9N/GaN and
Al0.2Ga0.8N/GaN superlattices, respectively.L saturates
when the irradiation time is larger than the above-mentio
values.

The minority electron lifetime,t, was estimated as
function of injected electric charge, based on the measureL
values, according to

t5
L2

D
, ~1!

whereD is carrier diffusivity, determined from mobility us
ing the Einstein relation. Due to minority carrier mobilit
uncertainty in the superlattice structures, the estimati
were done only forp-GaN samples.

We assumed that the room temperature mobility of m
nority electrons inp-GaN is;1.3 times lower than that fo
majority ones inn-GaN.6 Based on the Hall measuremen
of n-GaN samples,4 the minority electron mobility,m, was
assumed to be;250 cm2/V s for ap-type MOCVD epilayer.
This corresponds to the value ofD;6.5 cm2/s. The values
of m andD for electrons in MBE-grownp-GaN layer were
100 cm2/V s and 2.6 cm2/s, respectively.

Figure 2 presents a square root of lifetime depende
on injected charge~density! for the p-GaN samples. Base
on the linear dependence of electron diffusion length
charge, we obtained the same trend for the square roo
lifetime @cf. Eq. ~1!#.

FIG. 1. Experimental minority electron diffusion length dependence on
density of electric charge injected into~Al !GaN material. Open points rep
resent the experimental data and the lines 1, 2, 3, and 4 represent the
p-type MOCVD-GaN, MBE-GaN, Al0.1Ga0.9N/GaN, and Al0.2Ga0.8N/GaN
superlattices, respectively. The charge density of 2.031027 C/mm3 corre-
sponds to an electron beam irradiation time of;1500 s for MOCVD- and
MBE-grown GaN samples. The charge density of 1.531027 C/mm3 corre-
sponds to an electron beam irradiation time of;660 s for Al0.2Ga0.8N/GaN
superlattice. Time scale for Al0.1Ga0.9N/GaN superlattice is the same as
the latter case.
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We ascribe the observed linear increase ofL ~and square
root of t! in p-~Al !GaN to charging of the deep metastab
centers associated with Mg doping.2 Kinetics of the observed
phenomenon is similar to the one described in Ref. 7, wh
the injected electrons were used to activate a Mg accep
passivated with hydrogen. In our case, the diffusion len
increases and saturates once a majority of the deep le
which are able to capture an electron injected by SEM be
are charged. The difference in diffusion length saturat
time ~charge density! between GaN ~;1500 s! and
Al xGa12xN/GaN~;600 s! samples is likely explained by th
difference in the deep center concentration.

L may increase due to an increase in lifetime or carr
mobility ~diffusivity! @cf. Eq. ~1!#. Reference 8 reported
three orders of magnitude decrease inp-GaN resistivity, in-
duced by electron beam, due to an adequate increase in
jority hole concentration with unchanged mobility. This is a
argument in favor of minority carrier mobility independen
of electron beam irradiation inp-~Al !GaN. On the other
hand, capturing of the charge on the deep levels, assoc
with Mg doping, most likely leads to an increase in minori
carrier lifetime, since the deep levels, charged by electron
the SEM beam, are no longer available for carr
recombination.9 Therefore, we conclude that the abov
reported increase ofL in p-~Al !GaN is due to an electron
beam-induced increase of minority carrier lifetime. A ste
increase ofL for Al0.1Ga0.9N/GaN could be related to high
internal electric fields caused by spontaneous and piezoe
tric polarization.10 The polarization effects increase the m
nority carrier lifetime and diffusion length in the superla
tices by one order of magnitude as compared to b
material.11

To estimate the concentration of deep Mg-related c
ters, we calculated first the capture cross section,s t , for
these centers9

s t51.71310218«1/2S m

m* DEi /T, ~2!

e

for

FIG. 2. Calculated minority electron lifetime dependence on the densit
electric charge, injected intop-GaN. The calculations are based on th
experimental data presented in Fig. 1 and were carried out by using Eq~1!.
Open points represent the calculated values and the lines show the fit.
end for the lines 1 and 2 is the same as in Fig. 1.
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where Ei5center energy~eV! with respect to the valenc
band edge; «5GaN static dielectric constant;m and
m*5free and effective electron mass, respectively;T
5temperature.

Using«58.9 andm/m* 50.2,7 s t;1.4310221cm2 was
obtained for the centers withEi52.04 eV. This is consisten
with the previously published value ofs t,10220cm2 in
GaN.12 Taking the average thermal velocityv5107 cm/s12

into account, the capture cross-section volume (vs t)
1 of

;1.4310214cm3 was found. If the deep center lies withi
this volume, the electron, injected or created by an elec
beam, will be captured. Using the standard doping leve
GaN with magnesium of;1020 Mg atoms/cm3,13 and as-
suming a homogeneous distribution of dopants across
sample, a volume of 10220cm3, occupied by a single Mg
atom in GaN, was obtained. Comparing the latter volu
with the capture cross-section volume, we conclude t
;106 Mg atoms/centers are needed to capture one elec
Taking the total saturation charge density of 1
31027 C/mm3 for MOCVD p-GaN as an example~cf. Figs.
1 and 2!, we obtained the beam electron density
;1024cm23. Assuming that one electron is needed to cha
one deep center, and accounting that only one out of6

centers may capture an electron, we found the concentra
of charged deep traps to be;1018cm23.

Independence of the minority hole diffusion length wi
electron beam irradiation inn-GaN is an additional argumen
in favor of the Mg-acceptor role in electron diffusion leng
increase observed inp-~Al !GaN. Time-dependent EBIC
measurements, carried out on MOCVDp-GaN, showed the
value of L;1.7mm, 17 h after sample charging with a
electron beam.L decreased to its initial value of;0.55 mm
three days after an electron beam irradiation. This is con
tent with the photocurrent decay seen in Mg-doped GaN2

Electron beam irradiation ofp-~Al !GaN leads to a four-
to eight-fold increase of minority electron diffusion lengt
taking place within 1500 s of electron beam excitation. T
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is attributed to charging of the deep levels associated w
Mg doping. The density of current, injected in~Al !GaN by
an electron beam, is;60 mA/cm2. This is 2.5 orders of
magnitude lower than the current densities driven throu
~Al, Ga!N-based bipolar devices~;25 A/cm2!. Our experi-
ments on MOCVD p-GaN demonstrated a twofold diffu
sion length increase within 900 s, under a current density
1 A/cm2 driven through the Schottky barrier under forwa
bias conditions. This indicates that self-improvement of HB
performance is possible within a reasonably short time a
turning on the device.
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