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Combined electron beam induced current and transmission electron microscopy~TEM!
measurements have been performed on both undoped and Si-doped AlGaN epitaxial films with
aluminum contentsx ranging fromx50 to x50.79, in order to correlate the electrical and structural
properties of the films. The diffusion length of holes in the films ranges between 0.3 and 15.9mm,
and the estimated lifetime of holes for doped samples varies between 0.2 ns and 16ms. Different
effects contribute to the observed increase in the diffusion length with increasing aluminum content.
Among others, dislocations seem to be active as nonradiative recombination sites, and phase
separation and decomposition as observed by TEM in Al-rich alloys lead to the formation of a
spatially indirect recombination path due to the piezoelectric field in the films. Potential fluctuations
associated with these phase irregularities could also give rise to electron induced persistent
conductivity contributing to the increase of the diffusion length. From our experimental
observations, we conclude that the silicon dopants are partially activated in Al-rich alloys, and do
not influence significantly the values of the diffusion length of holes in these samples. ©2000
American Institute of Physics.@S0021-8979~00!00505-3#
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I. INTRODUCTION

A lot of work is currently devoted to developing an
improving devices based on AlxGa12xN alloys, such as
transistors1 or UV photodetectors.2 The diffusion length of
carriers is a material parameter that greatly influences
performance of electronic and opto-electronic devices. In
case of GaN, only few papers3–7 report diffusion length data
measured by different techniques, in the range from 0.1
3.4 mm depending on the carrier concentration and cry
quality. Electron beam induced current~EBIC! in the scan-
ning electron microscope~SEM! is an established techniqu
to measure the diffusion length of minority carriers
semiconductors.8 Besides, this method is able to provide sp
tial information, with typical resolutions of 1mm, about the
distribution of radiative and nonradiative recombination ce
ters that locally limit the diffusion length in the film. Usu
ally, recombination of carriers occurs at structural defe
like native point defects, impurities, and extended defe
~e.g., dislocations, stacking faults!. Another mechanism o
relevance in doped films which limits the carrier diffusion
the scattering of carriers at ionized impurities. In addition,

a!Permanent address: Dpto. Fisica de Materiales, Facultad de Ciencias
cas, Universidad Complutense de Madrid, 28040 Madrid, Spain; electr
mail: cremades@eucmax.sim.ucm.es
2350021-8979/2000/87(5)/2357/6/$17.00
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the group III-nitrides internal piezoelectric fields9 induced by
residual strain in the layer or by structural defects may p
turb the electron-hole recombination dynamics10 and thus the
value of the diffusion length. Recently, reported studies11–15

are dealing with the phenomenon of persistent photocond
tivity ~PPC! in p-GaN, n-doped GaN, and AlxGa12xN/GaN
heterostructures. Therefore, the structural features leadin
PPC must be considered in the interpretation of the diffus
length measurements.

In this work, we measure by EBIC the diffusion leng
of undoped and Si-doped AlxGa12xN alloys with an alumi-
num content ranging fromx50 to x50.79. We correlate the
electrical and structural properties by means of transmiss
electron microscopy~TEM!. In order to interprete the
changes in diffusion length with Al content, we discuss t
influence of the formation of recombination centers~mainly
related to the yellow band and donor-acceptor transition!,
the observed phase separation~either compositional or struc
tural! and other structural defects such as dislocations
well as the possible formation of metastableDX centers as
one possible origin of the PPC in these samples. There ar
previous reports on the diffusion length of AlxGa12xN alloys
with different Al content, and the influence of silicon dopin
on these films.

isi-
ic
7 © 2000 American Institute of Physics
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II. EXPERIMENT

Two series of undoped and Si-doped AlxGa12xN layers
were grown by plasma induced molecular-beam epit
~PIMBE! on c-plane oriented sapphire substrates. The s
strate temperature was 800 °C and the growth rate 10
min. In both series, the aluminum contentx varied between 0
and 0.79 as determined by both x-ray spectroscopy and e
tic recoil detection analysis. The doping conditions~Si cell
temperature! were kept the same for all samples of the dop
series. The film thickness is about 1mm as measured by
TEM. The majority carrier concentration and the mobiliti
in the doped samples were determined by Hall measurem
at room temperature. The electron concentration ranges
tween 631015 and 131019cm23 and the corresponding mo
bilities were in the range of 300–10 cm2/V s. The low carrier
concentration present in Al-rich undoped samples does
allow Hall measurements to be carried out. The majo
carrier concentration in undoped GaN is 331017cm23 and
the electron mobility is 50 cm2/V s.

The EBIC measurements have been done in a Jeol 6
scanning electron microscope at room temperature. A pro
etary computer program was used to obtain EBIC profi
using the planar metal configuration.8 Pt Schottky and Ti
ohmic contacts were evaporated on the surface of the AlG
layers after cleaning the specimens in acetone and dip
them in HF. From the measurements using different acce
ating voltages~5, 10, 15, 20, and 25 kV!, the value of 20 kV
was found to minimize the influence of carrier recombinat
at the free surface and at the AlGaN substrate interface
the measured diffusion length. The measurements have
carried out at a low injection regime and the direct deter
nation of the diffusion lengthL has been made in the rang
in which the distance to the contactd is larger than 2L (d
.2L). In this range, the fit to an exponential decay with t
distance to the contact,d, of the EBIC current,l EBIC , is
accurate:8

I EBIC5Ada exp~2d/L !, ~1!

wherea is assumed to be21/2 corresponding to a surfac
recombination velocityvs503. The omission of corrections
to account for the film thickness leads to an underestima
of L.16

Plane-view and cross-sectional samples have been
lyzed by conventional as well as by high-resolution TE
using a Philips CM 300UT~point-to-point resolution of
0.165 nm!. The samples were prepared by standard te
niques, involving mechanical grinding and polishing fo
lowed by 3kV Ar1 ion-beam etching to electron transpa
ency.

III. RESULTS AND DISCUSSION

The values of the diffusion length have been obtained
the negative inverse slope of the linear fit of ln(lEBIC /d21/2)
versus distanced from the contact. The diffusion lengt
ranges between 0.3 and 15.9mm for the studied samples, a
summarized in Tables I and II. The standard error of
Downloaded 18 Apr 2013 to 147.96.14.15. This article is copyrighted as indicated in the abstract. R
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diffusion length values does not exceed 3%. The relat
between diffusion lengthL, mobility m, and lifetime of car-
riers t, is given by the equation:

L2q/kTm5t, ~2!

whereq is the electron charge,k is the Boltzmann constant
and T is the temperature. From the measured value of
diffusion length and using the Hall mobilities of electrons
Eq. ~2!, we are able to estimate a lower limit of the lifetim
of minority carriers of the doped samples, assuming tha
this material system the electron mobilities are always hig
than the hole mobilities. The lifetime of minority carrier
~holes! varies between 0.2 ns and 16ms for doped samples
as indicated in Table II.

In Fig. 1~a!, the dependence of the diffusion length o
the aluminum content in the alloys is shown for both u
doped and doped samples. For doped samples, one
clearly observe an increase of the diffusion length of ho
with increasing aluminum content. In the case of undop
samples, this trend is also observed, however, with so
scatter. For doped samples, the diffusion length is larger t
for the corresponding undoped samples, except for
Al0.50Ga0.50N alloy. In Fig. 1~b!, the dependence ofL in
doped samples on majority carrier concentration is sho
The decay of the diffusion length with increasing carrier co
centration in the doped samples is in agreement with
scattering of carriers by ionized impurities.

Hall measurements show that the concentration of f
carriers~see Table II! in doped AlxGa12xN is reduced as the
Al mole fraction increases. Similar results have been
served by Zhanget al.17 in the case of unintentionally dope
Al xGa12xN. It has been suggested that then-type conductiv-
ity exhibited by as-grown GaN should be related
N-substitutional oxygen impurities.18,19 A recent theoretical
study about the stability of deep donor centers in GaN a
AlN20 concludes that oxygen is a shallow donor impurity
either cubic or wurtzite GaN, but a deepDX center in Al-rich
Al xGa12xN alloys. In the same article, it is reported for S
doped samples that the calculated values for theDX forma-
tion energies in GaN and AlN indicate that in hexagon

TABLE I. Diffusion length of minority carriers in undoped samples.

Undoped samples L(mm)

GaN 1.9
Al0.27Ga0.73N 0.3
Al0.50Ga0.50N 10.5
Al0.79Ga0.21N 5.6

TABLE II. Electron concentration, diffusion length, and estimated lifetim
of holes in doped samples.

Doped
samples n2(cm3) L(mm) t(ms)

GaN 731018 0.4 2.231024

Al0.25Ga0.75N 131019 0.5 1.531023

Al0.50Ga0.50N 3.531018 6.9 2.6
Al0.75Ga0.25N 131017 15.9 16.2
euse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions
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Al xGa12xN alloys, Si shallow donors should become au
compensated by the formation of deep donors (Si:DX cen-
ter! as the Al mole fraction increases. By linear interpolatio
a shallow-deep transition is expected atx about 0.24 in hex-
agonal AlxGa12xN. This would explain the observed redu
tion of the number of free carriers in our doped sampl
since the doping becomes ineffective with increasing Al c
tent. Based on the same effect, it can be explained why
diffusion length is of the same order of magnitude for bo
undoped and doped AlxGa12xN samples, contrary to what i
expected. Therefore, the dependence of the diffusion len
on the silicon doping seems to be negligible for Al-rich a
loys ~over 25% Al! in comparison to the influence of th
structural defects that could enhance recombination p
cesses, PPC, or trapping of carriers.

Figure 2 shows EBIC images of undoped Al0.27Ga0.73N
and doped GaN samples for illustration. The undoped sam
shows a more homogeneous EBIC contrast that is slig
fluctuating @Fig. 2~a!#, whereas an essentially spotty EBI
contrast consisting of bright spots of about 1mm diameter
and less surrounded by dark regions appears for the do
sample@Fig. 2~b!#. The bright areas in the EBIC images co
respond to regions with a reduced density of recombina
centers, while dark areas are related to regions with an
hanced density of such centers.

In order to correlate the EBIC results with the micr
structure of the films, we have carried out TEM measu
ments on the same samples. The undoped Al0.27Ga0.73 layer
@Fig. 3~a!# shows a homogeneous distribution of thread
dislocations. These dislocations exclusively have line dir
tions along thec axis. While in both samples the type an
density of dislocations are similar~dislocations with Burgers

FIG. 1. Diffusion length of undoped and doped AlGaN samples vs~a!
aluminum content in the alloy and~b! electron concentration. The soli
curves in the figures are guides to the eye.
Downloaded 18 Apr 2013 to 147.96.14.15. This article is copyrighted as indicated in the abstract. R
-

,

,
-
e

th

o-

le
ly

ed

n
n-

-

-

vectorsb5^0001&, b51/3̂ 11– 20&, andb5^11– 23&, with
a total density of 53109 cm22), the main difference consist
in the arrangement of dislocations. The homogeneous di
bution of dislocations allows larger diffusion lengths for ca
riers moving through defect free areas. In Fig. 3~b!, a TEM
micrograph of the doped GaN layer in plane view is show
Hexagonal shaped regions of about 500 nm in diameter
completely free of threading dislocations are surrounded
dislocation walls with an extremely high density of threadi
dislocations. These dislocations are bent. Besides disl
tions, planar defects lying in the basalc plane are found.
These defects are also located at the border of the hexag
regions~marked with arrows!. It is interesting to note that the
typical size of the hexagons corresponds very well with
size of the bright spots of our EBIC maps and the measu
diffusion length for this sample~0.4 mm!. We conclude that
the dislocation region around the hexagonally shaped
tures limits the diffusion of carriers. These defect regio
appear dark in the EBIC images, because of enhanced
combination at dislocations. The exact mechanism of t
recombination is unclear. Since heteroepitaxial as well
single crystalline material up to now exhibits dislocatio
densitiesD in the range of 106 cm22,D,1010cm22, the
effect of defects on the diffusion length are far from cle
While according to Rosneret al. dislocations are recombina

FIG. 2. EBIC images showing different defect EBIC contrast for~a! un-
doped Al27Ga73N, and for~b! silicon-doped GaN.
euse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions
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tion active and diffusion lengths are in the range of the
erage dislocation distance, others assume the diffusion le
of about 0.1mm to be an inherent property of the mater
that allows high dislocation densities without any significa
reduction of the luminescence. Recent studies21 carried out
by Sugaharaet al. combining TEM and CL show direct evi
dence for nonradiative recombination at dislocations in G
samples. Similar behavior of dislocations is common
other semiconductor systems.

FIG. 3. Defect distribution in the layers of Fig. 2. Plane view TEM micr
graph taken under@0001# multibeam conditions.~a! Undoped Al0.27Ga0.73N
layer characterized by a homogeneous distribution of dislocations.~b!
Doped GaN layer, characterized by hexagonal regions completely fre
defects surrounded by regions with high dislocation densities.
Downloaded 18 Apr 2013 to 147.96.14.15. This article is copyrighted as indicated in the abstract. R
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With increasing aluminum content in the samples ph
separation~decomposition into AIN and GaN, separatio
into zinc blende and wurtzite phase! can be observed. TEM
reveals compositional phase separation to occur in the ra
0.16,x,0.50, as shown in the defocus series of Fig.
while separation into cubic and wurtzite phase can be
served forx.0.50. A periodic superstructure with a perio
icity of 1 nm can be clearly resolved for the Al0.50Ga0.50N
sample. Changing the defocus of the microscope from2160
to 0 nm and finally to 180 nm exhibits a change in contr
from dark to bright stripes, going from underfocus to ove
focus. At 0 defocus, the fringe pattern disappears complet
This clearly indicates a difference in inner potential due to
compositional fluctuation. In addition, cathodoluminescen
reveals decomposition into pure AlN and GaN on a larg
length scale.22

An undoped sample with an Al concentrationx50.79
that exhibits a high density of cubic phase is shown in F
4~b!. From a quantitative analysis of corresponding HRTE
images, we obtain an amount of cubic phase in the rang

of

FIG. 4. Phase separation in undoped AlGaN. TEM micrographs were ta
along the^1-120& zone axis.~a! Decomposition into a superstructure con
sisting of AlN and GaN layers with a periodicity of 1 nm in Al0.5Ga0.5N, and
~b! Al0.79 Ga0.21N exhibiting a high density of cubic phase.
euse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions
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80% for the present sample. The wurtzite phase in this
terial is present exclusively in form of stacking faults inco
porated into the host cubic lattice. In samples with Al cont
x.0.6, the cubic phase is dominant and governs the op
properties. The appearance of phase separation dep
strongly on the specific deposition conditions and can
largely suppressed by growing at higher substrate temp
tures.

The influence of the phase separation on the diffus
length of the films could be explained as follows. The cu
phase of AlGaN is characterized by a lower band gap t
the wurtzite structure. Therefore, the minoritary cubic ph
acts as quantum wells embedded in the wurtzite matrix,23 as
illustrated in Fig. 5. Due to the piezoelectric field present
these films,9,10 the electron and hole wavefunctions are sp
tially separated~Stark effect!. This separation between ele
tron and holes results in an increased lifetime of carriers
similar scenario can occur in the case of the chemical ph
separation observed in the Al0.50Ga0.50N layer. GaN has a
lower band gap than AlN and is strained with respect to
average composition, i.e., GaN compressively, AlN tens
Experimental evidence for this has been obtained in int
tionaly grown AlGaN/GaN and InGaN/GaN quantum we
structures.24 This spatially indirect recombination of elec
trons and holes could to a large part be responsible for
unexpected high value of the diffusion length in these film
and especially for the maximum of the diffusion leng
shown by the undoped Al0.50Ga0.50N layer. The estimated
lifetime is of the order ofms, which is several orders o
magnitude above the reported lifetimes based on photolu
nescence experiments.25–27

In addition, radiative recombination connected with t
yellow and donor-acceptor pair luminescence increases
doping, as measured by CL,22 contributing also to the de
crease of the diffusion length with increasing concentrat
of ionized dopants. The contribution of the observed defe
acting as recombination centers is also relevant. O
results12,28 indicate also that the yellow luminescence is
vored by Si doping, as well as other doping impurities wh
substitute the nitrogen site in the lattice. The origin of t
yellow luminescence is not well understood and it has b

FIG. 5. Energy band scheme with electron and hole wave functions, i
trating a region of strained cubic AlGaN phase embedded in a wur
matrix with a piezoelectric field. The figure is not to scale, band offsets
only represented qualitatively. A similar situation is expected for chem
phase separation, with GaN embedded in the AlGaN matrix.
Downloaded 18 Apr 2013 to 147.96.14.15. This article is copyrighted as indicated in the abstract. R
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related to nitrogen vacancyVN-X complexes29 ~X are doping
impurities!, or to nitrogen antisite NGa,12 and recently to
Ga-vacancy complexesVGa-X.

On the other hand, the formation ofDX centers, respon-
sible for the compensation of Si shallow donors in Al-ric
alloys, could give rise to the phenomenon of PPC in th
films.20 By excitation with an electron beam of 20 kV, th
same effect as detected by photoconductivity should be
tained in the presence ofDX centers. The contribution of the
carriers involved in this persistent electron induced cond
tivity process should also be detected in the EBIC meas
ments. An increase in the formation ofDX centers with in-
creasing aluminum content in the alloy would be
agreement with an increase of the average carrier lifetim
the film due to the persistent conductivity induced by t
electron beam. Unfortunately, our experimental setup d
not allow this kind of measurements to be carried out. Ho
ever, photoconductivity measurements carried out on th
samples30 by Hirschet al. show that with increasing alumi
num mole fraction in the alloys the persistent photocond
tivity increases by two orders of magnitude. Beside the f
mation ofDX centers, other models have also been invok
to explain the origin for PPC in a variety of semiconducto
If carriers are spatially separated from traps by random
tential fluctuations, their recapture rate at the traps can
reduced and give rise to PPC.31 In the AlGaN system, these
kind of potential fluctuations may be caused by phase se
ration and phase decomposition, as observed in the T
micrographs.

IV. CONCLUSIONS

The diffusion length of minority carriers has been me
sured by EBIC in planar contact configuration for undop
and silicon doped AlGaN alloys. From our observations,
conclude that the silicon doping becomes increasingly in
fective for Al-rich alloys, and therefore does not influen
significantly the values of the diffusion length of holes in t
doped samples in comparison with the values measured
undoped samples. Different effects contribute to the
served increase in the diffusion length with increasing a
minum content:

~i! Structural defects, as observed by TEM. Among o
ers, dislocations seem to be active as nonradiative recom
nation sites limiting the diffusion length of holes in the film
especially when dislocations are arranged in the form
walls for low aluminum contents. Other relevant effects a
phase separation and phase decomposition observed in
rich alloys. The presence of these effects lead to spati
indirect recombination due to the piezoelectric field in t
films, and therefore to an increase of the lifetime of carrie
Potential fluctuations associated with these phase fluc
tions could also be the origin of an electron beam induc
persistent conductivity, contributing also to the increase
the diffusion length with aluminum content in the alloys.

~ii ! Doping enhanced radiative recombination related
the yellow band as well as donor-acceptor pair recombi
tion competes with the EBIC signal, contributing to the r
duction of the diffusion length of minority carriers whe

s-
te
e
l
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increasing the carrier concentration in the sample. For
samples with higher carrier concentration~and lower alumi-
num content! the scattering of carriers by ionized impuritie
contributes also to the observed decrease of the diffu
length.

The estimated lifetime of holes for the Al-rich samples
of the order ofms, which is several orders of magnitud
above the reported lifetimes deduced from photolumin
cence experiments. The increase in the lifetime by three
ders of magnitude with increasing Al content is related to
existence of persistent conductivity in the samples w
higher aluminum content.
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