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Combined electron beam induced current and transmission electron microgddivi)
measurements have been performed on both undoped and Si-doped AlGaN epitaxial films with
aluminum contentg ranging fromx=0 tox=0.79, in order to correlate the electrical and structural
properties of the films. The diffusion length of holes in the films ranges between 0.3 angrh5.9

and the estimated lifetime of holes for doped samples varies between 0.2 ns @asd Dferent

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 sample200@
American Institute of Physic§S0021-897@0)00505-3

I. INTRODUCTION the group lll-nitrides internal piezoelectric fiefdaduced by
residual strain in the layer or by structural defects may per-
. . ; turb the electron-hole recombination dynanfieand thus the
improving devices based on &g (N alloys, such as

transistor$ or UV photodetector$.The diffusion length of value of_the d_n‘fu3|on length. Recently, re_ported stutfie®
carriers is a material parameter that greatly influences th8"® déaling with the phenomenon of persistent photoconduc-

performance of electronic and opto-electronic devices. In th&Vity (PPQ in p-GaN, n-doped GaN, and AGa _N/GaN
case of GaN, only few papére report diffusion length data heterostructures. Therefore, the structural features leading to
measured by different techniques, in the range from 0.1 t&’PC must be considered in the interpretation of the diffusion
3.4 um depending on the carrier concentration and crystalength measurements.

quality. Electron beam induced curre@BIC) in the scan- In this work, we measure by EBIC the diffusion length
ning electron microscopéSEM) is an established technique of undoped and Si-doped Aba _N alloys with an alumi-

to measure the diffusion length of minority carriers in num content ranging from=0 tox=0.79. We correlate the
semiconductor§ Besides, this method is able to provide spa-electrical and structural properties by means of transmission
tial information, with typical resolutions of km, about the  gjectron microscopy(TEM). In order to interprete the
distribution of radiative and nonradiative recombination CeN-changes in diffusion length with Al content, we discuss the

ters that locally limit the diffusion length in the film. Usu- influence of the formation of recombination centémsainly

ally, recombination of carriers occurs at structural defect%la,[e d to the yellow band and donor-acceptor transitions

like native point defects, impurities, and extended defect%he observed phase separatieither compositional or struc-

(e.g., dislocations, stacking faultsAnother mechanism of ) i

relevance in doped films which limits the carrier diffusion is tura)) and other §tructura| Qefects such as dislocations, as

the scattering of carriers at ionized impurities. In addition, inWell @s the possible formation of metastali centers as
one possible origin of the PPC in these samples. There are no

- _ ~_ previous reports on the diffusion length of,&a N alloys
dpermanent address: Dpto. Fisica de Materiales, Facultad de Ciencias Fisi-. h diff Al d the infl  sili doDi
cas, Universidad Complutense de Madrid, 28040 Madrid, Spain; electroniﬁNlt Ifrerent content, and the influence of silicon doping

mail: cremades@eucmax.sim.ucm.es on these films.

A lot of work is currently devoted to developing and
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II. EXPERIMENT TABLE I. Diffusion length of minority carriers in undoped samples.
Two series of undoped and Si-doped @& _,N layers Undoped samples L(wm)

were grown by plasma induced molecular-beam epitaxy GaN 1.9

(PIMBE) on c-plane oriented sapphire substrates. The sub- Alg,Gay 7N 0.3

strate temperature was 800 °C and the growth rate 10 nm/ Algsd5ay 5N 105

min. In both series, the aluminum contentaried between 0 Alord53.2N 5.6

and 0.79 as determined by both x-ray spectroscopy and elas-
tic recoil detection analysis. The doping conditiqi®s cell
temperaturgwere kept the same for all samples of the dopediffusion length values does not exceed 3%. The relation

series. The film thickness is aboutm as measured by between diffusion length, mobility «, and lifetime of car-
TEM. The majority carrier concentration and the mobilitiesriers 7, is given by the equation:

in the doped samples were determined by Hall measurements
at room temperature. The electron concentration ranges be- L*a/kTu=1, )
tween 6x 10" and 1x 10™cm 2 and the corresponding mo- whereq is the electron chargé is the Boltzmann constant,
bilities were in the range of 300—-10 é\'s. The low carrier and T is the temperature. From the measured value of the
concentration present in Al-rich undoped samples does nadiffusion length and using the Hall mobilities of electrons in
allow Hall measurements to be carried out. The majorityEq. (2), we are able to estimate a lower limit of the lifetime
carrier concentration in undoped GaN %20 cm 3 and  of minority carriers of the doped samples, assuming that in
the electron mobility is 50 cfiV's. this material system the electron mobilities are always higher
The EBIC measurements have been done in a Jeol 64Gfan the hole mobilities. The lifetime of minority carriers
scanning electron microscope at room temperature. A propritholes varies between 0.2 ns and 16 for doped samples,
etary computer program was used to obtain EBIC profilesis indicated in Table II.
using the planar metal configuratidrPt Schottky and Ti In Fig. 1(a), the dependence of the diffusion length on
ohmic contacts were evaporated on the surface of the AlGalthe aluminum content in the alloys is shown for both un-
layers after cleaning the specimens in acetone and dippingoped and doped samples. For doped samples, one can
them in HF. From the measurements using different accelelearly observe an increase of the diffusion length of holes
ating voltageg5, 10, 15, 20, and 25 K\ the value of 20 kV  with increasing aluminum content. In the case of undoped
was found to minimize the influence of carrier recombinationsamples, this trend is also observed, however, with some
at the free surface and at the AlGaN substrate interface ogcatter. For doped samples, the diffusion length is larger than
the measured diffusion length. The measurements have beésr the corresponding undoped samples, except for the
carried out at a low injection regime and the direct determi-Al, ;{Ga, s\ alloy. In Fig. 1(b), the dependence df in
nation of the diffusion lengti. has been made in the range doped samples on majority carrier concentration is shown.
in which the distance to the contadtis larger than 2 (d  The decay of the diffusion length with increasing carrier con-
>2L). In this range, the fit to an exponential decay with thecentration in the doped samples is in agreement with the
distance to the contact], of the EBIC currentlggc, is  scattering of carriers by ionized impurities.

accurateé® Hall measurements show that the concentration of free
N carriers(see Table I} in doped AlGa, 4N is reduced as the
legic=Ad" exp(—d/L), (1) Al mole fraction increases. Similar results have been ob-

served by Zhangt all” in the case of unintentionally doped

where « is assumed to be-1/2 corresponding to a surface :
recombination velocity ;=0%. The omission of corrections AIXGal‘_XN' Ithas been suggested that tié/pe conductiv-
y exhibited by as-grown GaN should be related to

to account for the film thickness leads to an underestimatioff I . . 1819 .
of .16 N-substitutional oxygen impuriti€$:*° A recent theoretical
Plane-view and cross-sectional samples have been an tudy about the stability of deep donor centers in GaN and

lyzed by conventional as well as by high-resolution TEM .INZO confsludes tha't oxygen is a shallow d°”°.r impqrity in
using a Philips CM 300UT(point-to-point resolution of either cubic or wurtzite GaN, but a deBX center in Al-rich

0.165 nm. The samples were prepared by standard teCh,_A\IXGai,XN alloys. In the same atrticle, it is reported for Si-

nigues, involving mechanical grinding and polishing fol- ?oped Sa”?p'e_s tfg;\tlilhe cglif:\?t(_add_\/altjeihfotrt_lwe;orma- |
lowed by 3kV Ar" ion-beam etching to electron transpar- lon energies in all an indicate that in hexagona

ency.
TABLE Il. Electron concentration, diffusion length, and estimated lifetime
of holes in doped samples.
lll. RESULTS AND DISCUSSION Doped
o ] samples n~(cm®) L(um) 7(uS)
The values of the diffusion length have been obtained as . —
the negative inverse slope of the linear fit oflja(./d~? GaN 710" 04 2.2¢10°
versus distancel from the contact. The diffusion length Alo 2658 7N 1x10° 0-5 1.5¢10
' 9 Alg G s 3.5x 1018 6.9 26

ranges between 0.3 and 15un for the studied samples, as Al 766 2N 1% 10 15.9 16.2
summarized in Tables | and Il. The standard error of the —
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FIG. 1. Diffusion length of undoped and doped AlGaN samplesa)s
aluminum content in the alloy antb) electron concentration. The solid
curves in the figures are guides to the eye.

AlL,Ga N alloys, Si shallow donors should become auto-
compensated by the formation of deep donorsdi:cen-
ter as the Al mole fraction increases. By linear interpolation,
a shallow-deep transition is expectedkatbout 0.24 in hex- g 2. EBIC images showing different defect EBIC contrast @@r un-
agonal AlGa _,N. This would explain the observed reduc- doped Ab,Ga;N, and for(b) silicon-doped GaN.
tion of the number of free carriers in our doped samples,
since the doping becomes ineffective with increasing Al con-
tent. Based on the same effect, it can be explained why theectorsb=(0001), b=1/311-20, andb=(11-23, with
diffusion length is of the same order of magnitude for botha total density of 5 10° cm ?), the main difference consists
undoped and doped Aba _,N samples, contrary to what is in the arrangement of dislocations. The homogeneous distri-
expected. Therefore, the dependence of the diffusion lengthution of dislocations allows larger diffusion lengths for car-
on the silicon doping seems to be negligible for Al-rich al- riers moving through defect free areas. In Figh)3a TEM
loys (over 25% A) in comparison to the influence of the micrograph of the doped GaN layer in plane view is shown.
structural defects that could enhance recombination proHexagonal shaped regions of about 500 nm in diameter and
cesses, PPC, or trapping of carriers. completely free of threading dislocations are surrounded by
Figure 2 shows EBIC images of undoped, AG&, 74\ dislocation walls with an extremely high density of threading
and doped GaN samples for illustration. The undoped sampldislocations. These dislocations are bent. Besides disloca-
shows a more homogeneous EBIC contrast that is slightlyions, planar defects lying in the basalplane are found.
fluctuating[Fig. 2@)], whereas an essentially spotty EBIC These defects are also located at the border of the hexagonal
contrast consisting of bright spots of aboufuin diameter regions(marked with arrowp It is interesting to note that the
and less surrounded by dark regions appears for the dopégpical size of the hexagons corresponds very well with the
sample[Fig. 2(b)]. The bright areas in the EBIC images cor- size of the bright spots of our EBIC maps and the measured
respond to regions with a reduced density of recombinatiowiffusion length for this sampl€0.4 xm). We conclude that
centers, while dark areas are related to regions with an erihe dislocation region around the hexagonally shaped fea-
hanced density of such centers. tures limits the diffusion of carriers. These defect regions
In order to correlate the EBIC results with the micro- appear dark in the EBIC images, because of enhanced re-
structure of the films, we have carried out TEM measurecombination at dislocations. The exact mechanism of this
ments on the same samples. The undopeg,Sa, 75 layer  recombination is unclear. Since heteroepitaxial as well as
[Fig. 3(@] shows a homogeneous distribution of threadingsingle crystalline material up to now exhibits dislocation
dislocations. These dislocations exclusively have line direcdensitiesD in the range of 19cm 2<D<10cm™?, the
tions along thec axis. While in both samples the type and effect of defects on the diffusion length are far from clear.
density of dislocations are simil&dislocations with Burgers While according to Rosnegt al. dislocations are recombina-

10Mm
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FIG. 4. Phase separation in undoped AlGaN. TEM micrographs were taken
along the(1-120 zone axis.(a) Decomposition into a superstructure con-
sisting of AIN and GaN layers with a periodicity of 1 nm in/AGa, 5N, and

(b) Aly79 Gay N exhibiting a high density of cubic phase.

With increasing aluminum content in the samples phase
separation(decomposition into AIN and GaN, separation
(b) into zinc blende and wurtzite phasean be observed. TEM
reveals compositional phase separation to occur in the range
FIG. 3. Defect distribution in the layers of Fig. 2. Plane view TEM micro- 0.16<x<0.50, as shown in the defocus series of Fig' 4,
graph taken undd]OOO];l multibeam conditions(a) Undoped %27(3%73\] while Separation into cubic and wurtzite phase can be ob-
layer characterized by a homogeneous distribution of dislocatis. served forx>0.50. A periodic superstructure with a period-
Do , ; -
B e e o eoncared oo gom 2 e €y of 1 nm can e clearly resolved for the G <
sample. Changing the defocus of the microscope froh60
to 0 nm and finally to 180 nm exhibits a change in contrast
from dark to bright stripes, going from underfocus to over-
tion active and diffusion lengths are in the range of the avfocus. At 0 defocus, the fringe pattern disappears completely.
erage dislocation distance, others assume the diffusion lengifhis clearly indicates a difference in inner potential due to a
of about 0.1um to be an inherent property of the material compositional fluctuation. In addition, cathodoluminescence
that allows high dislocation densities without any significantreveals decomposition into pure AIN and GaN on a larger
reduction of the luminescence. Recent studiesrried out  length scalé?
by Sugaharat al. combining TEM and CL show direct evi- An undoped sample with an Al concentratiar-0.79
dence for nonradiative recombination at dislocations in GaNhat exhibits a high density of cubic phase is shown in Fig.
samples. Similar behavior of dislocations is common for4(b). From a quantitative analysis of corresponding HRTEM
other semiconductor systems. images, we obtain an amount of cubic phase in the range of
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AlGaN AlGaN AlGaN related to nitrogen vacandy,-X complexe$’ (X are doping
wurtzite cubic wurtzite impurities, or to nitrogen antisite j,,'? and recently to
Ga-vacancy complexeég X.
On the other hand, the formation DX centers, respon-
= N sible for the compensation of Si shallow donors in Al-rich
alloys, could give rise to the phenomenon of PPC in these
films.2° By excitation with an electron beam of 20 kV, the
same effect as detected by photoconductivity should be ob-

j\ tained in the presence &X centers. The contribution of the
carriers involved in this persistent electron induced conduc-
tivity process should also be detected in the EBIC measure-

G 5. E band sch i elect 4 ol i 0 ments. An increase in the formation BX centers with in-
- 0. =Nergy band scheme with efectron and hole wave UNCons, WS e aging  aluminum content in the alloy would be in

trating a region of strained cubic AIGaN phase embedded in a wurtzite . . ; . .
matrix with a piezoelectric field. The figure is not to scale, band offsets are2dreement with an increase of the average carrier lifetime in
only represented qualitatively. A similar situation is expected for chemicalthe film due to the persistent conductivity induced by the
phase separation, with GaN embedded in the AlGaN matrix. electron beam. Unfortunately, our experimental setup does
not allow this kind of measurements to be carried out. How-

ever, photoconductivity measurements carried out on these

80% for the present sample. The wurtzite phase in this masampled’ by Hirschet al. show that with increasing alumi-
terial is present exclusively in form of stacking faults incor- "um mole fraction in the alloys the persistent photoconduc-
porated into the host cubic lattice. In samples with Al contentivity increases by two orders of magnitude. Beside the for-
x>0.6, the cubic phase is dominant and governs the opticdnation of DX centers, other models have also been invoked
properties‘ The appearance of phase Separation depen@)sexplain the Origin for PPC in a Variety of semiconductors.
strongly on the specific deposition conditions and can bdf carriers are spatially separated from traps by random po-
largely suppressed by growing at higher substrate temperdential fluctuations, their recapture rate at the traps can be
tures. reduced and give rise to PPEIn the AlGaN system, these
The influence of the phase separation on the diffusiorkind of potential fluctuations may be caused by phase sepa-
length of the films could be explained as follows. The cubicration and phase decomposition, as observed in the TEM
phase of AlGaN is characterized by a lower band gap thaficrographs.
the wurtzite structure. Therefore, the minoritary cubic phase
gcts as qu_antqm wells embeddeq in the W_urt_zite métras V. CONCLUSIONS
illustrated in Fig. 5. Due to the piezoelectric field present in
these films'1° the electron and hole wavefunctions are spa-  The diffusion length of minority carriers has been mea-
tially separatedStark effect. This separation between elec- sured by EBIC in planar contact configuration for undoped
tron and holes results in an increased lifetime of carriers. Aand silicon doped AlGaN alloys. From our observations, we
similar scenario can occur in the case of the chemical phaseonclude that the silicon doping becomes increasingly inef-
separation observed in the AlGay 5N layer. GaN has a fective for Al-rich alloys, and therefore does not influence
lower band gap than AIN and is strained with respect to thesignificantly the values of the diffusion length of holes in the
average composition, i.e., GaN compressively, AIN tensiledoped samples in comparison with the values measured for
Experimental evidence for this has been obtained in intenundoped samples. Different effects contribute to the ob-
tionaly grown AlGaN/GaN and InGaN/GaN quantum wells served increase in the diffusion length with increasing alu-
structure* This spatially indirect recombination of elec- minum content:
trons and holes could to a large part be responsible for the (i) Structural defects, as observed by TEM. Among oth-
unexpected high value of the diffusion length in these filmsers, dislocations seem to be active as nonradiative recombi-
and especially for the maximum of the diffusion length nation sites limiting the diffusion length of holes in the films,
shown by the undoped {bfGaysg\ layer. The estimated especially when dislocations are arranged in the form of
lifetime is of the order ofus, which is several orders of walls for low aluminum contents. Other relevant effects are
magnitude above the reported lifetimes based on photolumiphase separation and phase decomposition observed in Al-
nescence experimerts.?’ rich alloys. The presence of these effects lead to spatially
In addition, radiative recombination connected with theindirect recombination due to the piezoelectric field in the
yellow and donor-acceptor pair luminescence increases witfilms, and therefore to an increase of the lifetime of carriers.
doping, as measured by CGE contributing also to the de- Potential fluctuations associated with these phase fluctua-
crease of the diffusion length with increasing concentratiortions could also be the origin of an electron beam induced
of ionized dopants. The contribution of the observed defectpersistent conductivity, contributing also to the increase of
acting as recombination centers is also relevant. Othethe diffusion length with aluminum content in the alloys.
resultd??8indicate also that the yellow luminescence is fa- (i) Doping enhanced radiative recombination related to
vored by Si doping, as well as other doping impurities whichthe yellow band as well as donor-acceptor pair recombina-
substitute the nitrogen site in the lattice. The origin of thetion competes with the EBIC signal, contributing to the re-
yellow luminescence is not well understood and it has beeuction of the diffusion length of minority carriers when
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