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Impurity-free disorderingIFD) of uniformly dopedp-GaAs epitaxial layers was achieved using
either undoped or dopda or B spin-on-glas$SOQ in conjunction with rapid thermal annealing

in the temperature range from 800 to 925 °C. Capacitance-voltage measurements showed a
pronounced increase in the doping concentratidp) in the near-surface region of the layers
disordered using both undoped and P:SOG. The increasBirshowed an Arrhenius-like
dependence on the inverse of annealing temperature. On the other Nardig not change
significantly for Ga-doped SOG. These changes can be explained by the relative injection of excess
gallium vacanciegVg,) during IFD of p-GaAs by the different SOG layers. Deep-level transient
spectroscopy showed a corresponding increase in the concentration of a defé@g;-HR39 eV,

which can be attributed to Cu, in the undoped and P:SOG disorge@amAs layers, but not in the
epilayers disordered by Ga:SOG. We have explained the increase in free carrier concentration by the
segregation of Zn atoms towards the surface during the injectionsgf Me redistribution of Zn

during disordering of buried marker layers in GaAs ang 8la /As using either undoped or
Ga-doped SOG was verified by secondary-ion mass spectrome290® American Institute of
Physics [DOI: 10.1063/1.1846140

I. INTRODUCTION temperatureé‘.9 Inhibiting IFD requires either suppressing
the formation of \&, or preventing the diffusion of ¥, into

The monolithic integration of optoelectronic and photo-the bulk of the semiconductor once they are formed in the
nic devices requires the selective area band-gap modificatiofear-surface region of the semiconductor adjacent to the di-
of 11V semiconductor compounds. One technique that haglectric layef®®°In the light of this discussion, it can be
been widely investigated regarding its ability to achieve thesaid that IFD is a defect-driven process. Despite the fact that
band-gap engineering of I1I-V semiconductor heterostrucqFD is considered to be a simple process, it is masked by an
tures is impurity-free disorderingFD).** IFD uses dielec- underlying complex mechanism that is not well understood
tric capping layers that are deposited on the surface of thgt present. The operative mechanism of IFD has remained
semiconductor  structure and which, during a high-ejusive thus far because the apparently simple process is in-
temperature annealing, have the ability to either increase Giuenced by a myriad of interrelated factors, such as the type
maintain the band gap of the structure. For instance, SiOgnd quality of capping layér? stress'>’° annealing
(Refs. 1-F and SiQN, (Ref. 2 capping layers can enhaYnce ambient! and doping™’. In the past few years, we have de-
disorgering, whereas it can be suppressed NS STF,,"  yoted much research effort to understand the operative
TiO,,% and gallium oxid@ layers. Spin-on-glas€SO0 cap-  mechanism of IFD, leading us to study the defect reactions
ping layers are also attractive dielectrics for IFD since theyhat drive the disordering process iirtype (Al) GaAs and
are relatively_ cheap a_\r_1d do not require_ sophistic_ated equiqj-type GaAs epilayer§: IFD of doped epilayers is of key
ment for their deposition. Further, their properties can benpterest from a device fabrication perspective since the mi-
tailored by doping the SOG with different impurities. gration of dopant atoms, such as Zn and Be, may cause the

It is generally accepted that in GaAs-based semicondugnwanted spatially  nonselective impurity-induced
tors, IFD is achieved by the injection of excess gallium vVa-gisordering'?*°Indeed, a recent study has demonstrated the
cancies(Vg,) inside the material during the outdiffusion of aqyerse effects of zn redistribution in IFD InGaAs/AlGaAs
Ga atoms into the dielectric capping layer at highjaser structure¥ Our previous studies have also demon-
strated impurity relocation processes in IFD pftype
¥Electronic mail: prakash.deenapanray@anu.edu.au GaAs! Since the vast majority of investigations of IFD
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have focused on undoped device structdrésye believe 10'7
that there is a need to increase our understanding of impurity [ P:SOG (a)
relocation processes in doped structures for practical reasons. i

In this respect, we report on the influence of spin-on-
glass doping on the creation of electrically active defects and
impurity (Zn and Cu segregation in IFDp-type GaAs epi-
taxial layers. The practical implications of atomic relocation
processes in disordergdGaAs are discussed in light of the
application of the IFD process in device fabrication. How-
ever, this article does not attempt to resolve the contentious
issues regarding the mechanism of impurity diffusion in dis-
orderedp-type GaAs.
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Epitaxial GaAs (1000 layers doped with ~9 ‘
X 10'® Zn/cn? were grown by metalorganic chemical vapor Depth (Mm)
deposition(MOCVD) at 750 °C. The epitaxial layers were
spin-coated with undopefJ:SOG), P-doped(P:SOQ, or 1017
Ga-doped Ga:SOQG silicate SOG at 3000 rpm for 30 s. The 1 (b)
samples were baked at 400 °C for 15 min before rapid ther- [
mal annealingRTA) in the temperature range 800—925 °C
for 30 s under Ar flow. The as-growp-GaAs layers also
received RTA in the same temperature range for control pur-
poses. All samples were annealed using GaAs proximity cap-
ping. Following removal of the SOG layers, the GaAs layers
were chemically cleaned prior to the fabrication of Ti
Schottky barrier diodes, 200 nm thick and 0.77 mm in diam-
eter. Ohmic contacts were made to the backside of samples
using an In-Ga eutectic. High-frequency1l MHz)
capacitance-voltageC-V), deep-level transient spectroscopy
(DLTS) and photoluminescencéPL) measurements were
used to characterize the disordered samples. The majority of PECVD
DLTS measurements were made using a lock-in-type setup Ga:S0G
described in Ref. 16 in the 77—290 K temperature range, and 101 bt
DLTS depth profiling accounted for the\‘effect” using the 0.820.840.860.880.900.920.94
methodology describe by Zohta and Watan&bEor DLTS ' -1

_ 'S 1000/T (K™

measurements below 77 K, we used a lock-in amplifier in
conjunction with a Boonton capacitance meéfePL mea- FIG. 1. (a) Doping profiles ofp-GaAs disordered at different annealing
surements were performed using a 543.5 nm Ar-ion laser an@mperatures using P:SOG. The solid line shows the concentration profiles
a Si CCD detector with a built-in preamplifier via a 0.25 m for an as-grown sample annealed at 900 °C. The profiles were extracted

t ter. The | h th le th from room temperatur€-V measurements; ant) the change in free car-
Spectrometer. € laser was shone on the sample through;g concentration AN,, for disordered sample relative to the as-grown

10" |

105 |

P:SOG
U:S0G

Change in Doping : ANA (cm™)
40>

chopper operating at a few hundred Hz. sample at a depth of 04m.
The redistribution of Zn in GaAs and AlGaAs was also
studied using secondary-ion mass spectrom@iylS). For  |||. RESULTS AND DISCUSSION

this, 200-nm-wide buried Zn marker layers were grown by . L .

MOCVD in GaAs and A} (Ga,4As epitaxial layers. These A. Doping concentration in disordered epilayers

layers were spin-coated with either undoped or Ga-doped Figure Xa) illustrates the doping concentratioN,) de-
SOG followed by curing at 400 °C for 15 min. RTA was termined fromC-V measurements at room temperature, in
performed on the layers at 900 °C for 30 s under Ar flow,the as-grown(open circl¢ and disordereg-GaAs epilayers
after which the dielectric layers were chemically removed.at different temperatures. In this example, IFD was achieved
As-grown samples were annealed simultaneously for contralsing P:SOG. The solid line shows the doping profile in an
purposes. All SIMS measurements were performed in as-grown layer annealed at 900 °C for 30 s, which was typi-
quadrupole-type ion microprob@iber MIQ 256 using 8 cal for all annealing temperatures used in this study. Com-
-keV O; sputtering at an angle of 45° with respect to theparison between the solid line and data points shown by open
surface normal. circles reveals that annealing alone—i.e., without dielectric



033524-3 Deenapanray et al. J. Appl. Phys. 97, 033524 (2005)

8 the as-grown epilayer and samples disordered using various
- HB2 SOG layers or PECVD Si©at 900 °C for 30 s. By varying
S~ 7F the bias conditions, the region extending betwe&h43 and
o L ~0.57um was probed by DLTS. Arrhenius plots of
>‘_<' 6 F In(T?/e,) versus 1000T were used to determine the activa-
~ I tion energy(Ey) and apparent capture cross section) of
Q 5L HC1 defects(i.e., “signature). These plots are not shown here
o ! : because they are identical to those we have reported
-O 4k ) previously.lg We also compared the signatures of IFD-
© I . P:SOG induced defects ip-GaAs with those reported in the litera-
% 3 HA H ture in order to allow their tentative identification. The as-
N i N PECV grown layers contained the defects commonly observed in
n ol : U:soG MOCVD-grown p-GaAs: HB2 (Er~Ey+0.39 eV;0,~6.3
— HBA : x10%%¢cn?) and HC1 (E;~Ey+0.57eV; 0,~3.0
5' [ x5 \ \_Ga:SOG X 10 cn?), in concentrations ~2x 10 and ~4
11 : X 10 cmi 3, respectively. Based on the report by Mitonneau
-__,J\)ﬁ?/\-AG et al,?° we identified HB2 and HC1 to C(HL4)- and Fe-
I ERE— related(HL3) defects, respectively. The disordered samples

100 150 200 250 300 350 contain a defect HC2 (E;~Ey+0.55¢eV; o,~2.7
- X 10' cm?) which has a lower-temperature peak position
Temperature (K) than HC1. However, the extent of the peak shift appears to
FIG. 2. DLTS spectra measured from as-grown and disorder&@hAs depend on the type of capping .Iayer usee., ~11 K for
samples. In each case, disordering was carried out at 900 °C for 30 s. Ga:SOG and-8 K for P:SOQ. This suggests that the defect
peak at~250 K in the DLTS spectra of disordered samples

capping—did not changl, in the present study. The disor- May consist of the superposition of HC1 and HEEollow-
dered epilayers exhibit increased free carrier concentration ifig our present understanding of IFD in GaAs; we specu-
their near-surface regior®.2—0.6.m), with the effect be- late that HC2 may be a defect related to either the(A8)**
coming more pronounced at higher temperatures. The changé Assa (HM1).?* One qualification to this tentative assign-
in free carrier concentratio\N,, for the different SOG lay- ment is that the double donor state of Efe., HM1-
ers is plotted in Fig. (b) as a function of the inverse of the Asg4+/++)] has not previously been observed in epitaxi-
annealing temperature. The valueAdifl, corresponds to the ally grownp-GaAs layers. We have previously attributed HA
difference betweem, in a dielectric-capped and annealed and HB1'® which are of minor interest here, to defect com-
sample and\, in the as-grown sample at a depth of @uh.  plexes involving Zn(Ref. 20 and Cu? respectively.

We have previously measured the changeljrior samples A more pertinent observation concerning the present
disordered using plasma-enhanced chemical vapor depositetlidy is the higher intensity of HB2 in the disordered
(PECVD) Si0O,," and the resultgsolid circles are also samples(discounting Ga:SOG As mentioned earlier, we
shown in Fig. 1b). There is a Arrhenius-like dependence of have previously attributed HB2 to the Cu-related acceptor
AN4 on 1/T for U:SOG, P:SOG, and PECVD SjQvith an  |evel in p-GaAs, but without providing much evidence for
activation energy in the range 1.9-2.1 eV. The similar actithe assignmerif Before discussing the effect of annealing
vation energy suggests that the same mechanism is respogmperature on the creation of this prominent defect in dis-
sible for the increase iN, from these three different dielec- orderedp-GaAs, we discuss the electrical and optical prop-
tric layers. On the other handiN, remained unchanged, erties of HB2 in more detail. It is well established that Cu
within the experimental error, for samples capped withjntroduces two acceptor levels B,+(0.13-0.15eV and
Ga:SOG. A change i, can be explained by eithet) the £ +(0.40-0.49 eV in the band gap of GaAs, albeit the ex-
segregation of Zn dopant atoms, and(@f an increase in ¢t structure of these levels are not knoffi* 21t is often
acceptor-type defects in the near-surface region of the disogpecylated that the two defects are two different charge states
dered samples. These mechanisms are suppressed in the cgs¢he double acceptor Gy but other defect structures in-
of Ga:SOG. In order to understand the relative contributior\/mving complexes of Cg, and V. (arsenic vacangycould

of the two mechanisms on the change in free carrier concenyq pe possible candidat®sThe DLTS spectrum shown in
tration, we have perfo_rmed D!_TS measurements of the eleq:ig_ 3a) was measured from a sample disordered using
trically active defects in the disordered layers. Since the UNpECYD SiQ, at 900 °C for 30 s. It depicts two prominent
capped and annealed samples did not exhibit any change f@vels atE,+0.13 eV andE,+0.49 eV, which correspond

doping concentration compared to the as-grown samples, %markably well with those expected for the two Cu-related

can safely exclude purely thermal effects as the cause for thgcceptor levels irp-GaAs. Furthermore, the PL spectrum
changes iMN,. ' '

measured from the same sample illustrates the presence of a
peak at 1.36 e\(see inset as shown in Fig. ®).>>%* This

peak is due to a donor-acceptor pair recombination involving
The DLTS spectra shown in Fig. 2 were measured fronthe Cu-related leveE,+0.13 eV. We believe that the com-

B. Deep-level transient spectroscopy measurements
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'E 2 FIG. 4. (a) Arrhenius-like dependence of the peak intensity and concentra-
- tion of HB2 in disordered sampleth) Selected DLTS depth profile of HB2
d 1E in p-GaAs disordered at 800 °@pen circlesor 900 °C using P:SOG. The
Cu uniform distribution of HB2 was typical for other capping layers.
0 /A T BEPU B SRR hear- q df h
. etermined fromC-V measurements at-177 K. The se-
1.551.501.451.40 1.351.30 lected DLTS depth profiles of HB2 ip-GaAs disordered
Photon Energy (eV) using P:SOG in Fig. @) shows that it has a fairly uniform

distribution. The depth distribution of HB2 was similarly

FIG. 3. () DLTS spectrum depicting two prominent levelsif+0.13 eV uniform in samples disordered using other capping layers,
+ - . .

- Gaie, and(®) PL. spectra which demonstrate the presence of the 1.36 evpC! the entire temperature range studied here. The concen-

transition between a donor and the Cu-relaga0.13 eV acceptor level. tration proflles of HB2 in Fig. (b) demonstrate that the ap-

The spectra were measured from a sample disordered using PECV@1SIO proximation used above to convert the peak intensity of HB2

900 °C for 30 s. into an equivalent defect concentration in Figa)dis valid.

The results shown in Fig.(d) are similar to those depicted in
bination of low-temperature DLTS and PL results shown inFig. 1(b) in that they also exhibit an Arrhenius-like depen-
Fig. 3 provides the evidence for relating HB2 to Cu. dence on the inverse of annealing temperature. However, one

Having established that the prominent defect HB2 is arexception to this behavior is the case of U:SOG, which gives
acceptor-type level, its concentration in disordered samplean almost temperature-independent introduction of HB2.
should influenceAN, shown in Fig. 1b). Hence, we now We now discuss the influence of disordering on the con-
turn to the annealing temperature dependence of the creatimentration of Cu(i.e., HB2. First, a note is made regarding
of HB2. Figure 4a) illustrates the Arrhenius-like dependence the source of Cu in our samples. The high purity gases and
of the peak intensitf AdC/C) of HB2 on the inverse of organometallic sources used in our MOCVD growth pre-
annealing temperature for the four capping layers. The rightlude the incorporation of Cu in the epitaxial layers from the
axis of Fig. 4a) shows the defect concentrati¢N;) based vapor phase. PL measurements have reveaietl shown
on the approximation thatiy~ 2(AdC/C)N,, whereN, was  that the concentration of Cu in thE-substrate was at least
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one order of magnitude higher than in the disordered epilay-
ers. Here, we may confidently say that the Cu observed in
epilayers originates from thg*-substrates in which they are
grown. The diffusion of Cu~4x 10'2 cm2 of HB2 in the
as-grown samp)einto the epilayers occurs already during
growth at 750 °C. Cu diffuses rapidly in GaAs even at low
temperatures, presumably as an interstitial spe¢@®s),
whereas substitutional Q€ug,) is relatively immobile?® 2
There are two mechanisms that result in the formation of
Cug, and they only differ in the way by which Cu is substi-
tuted on the Ga sublattice. The kick-out process requires the
presence of Gali.e., Cy+Gas,— Cug,+Ga), whereas the
substitutional(or interstitial-substitutionalprocess involves
Vga (i.e., Cu+Vga— Cugy. Although the kick-out mecha-
nism is the favored model for the diffusion of Cu, our results
suggest that the vacancy-assisted process becomes dominant
under the nonequilibrium injection of 3 during IFD using
U:SOG, P:SOG, or PECVB:® In a previous study, we
have shown that the segregation of Cu was much lower in
samples disordered using anodic oxides of GaAs rather than
PECVD Si0.?° The reason for this was the lower concen-
tration of excess ¥, produced during disordering by native
oxides compared to SO Furthermore, the tendency of Cu Depth - X (nm)

. . 1828 -
to decorate open volume defects in Gahe., void9™ im- FIG. 5. SIMS in-depth profile of a Zn buried marker layer in GaAs using

plies that the injection of excessgy may well provide the  gjther U:SOG or uncapped and annealed layer is shown in open circle.
driving force for the segregation of Cu towards the surfaceDisordering was carried out at 900 °C for 30 s.

Since the original concentration of Ga in Ga:SOG is higher
than the concentration of Ga atoms that a U:SOG layer caand/or thep*-substrate. The evidence for such a claim can be
accommodate during annealing, the creation ¢f,Vand verified by SIMS analysis, which is discussed next.

hence HB2, is suppressed during IFD pfGaAs using

Ga:SOG. The concentration of Ga in doped and undoped. SIMS analysis

SOG layers was measured by in-depth x-ray photoelectron

o . . Since the concentration of Zn in disordergdGaAs
spectroscopy profiling in Ref. 30. Itis worth noting here tha.ltsamples is below the detection limit of our instrument, we

have performed SIMS analysis of Zn diffusion in buried
marker layers of Zn in both GaAs and AlGaAs. In order to
demonstrate the effect of Zn relocation, we have used only
) ) . \U:SOG and Ga:SOG capping layers. The Zn in-depth pro-
.Crease.s in perfect qnd faulted loops in Cu-dnffused SeMiiias shown in Figs. 5 and 6 for IFD GaAs andyiGa, As,
insulating ~and ~ Si-doped GaAs, respectively. The oqhactively, are qualitatively similar. The as-grown buried
concentrations of Cu in our disordered sampleg, are twenty, marker layers have sharpest profikeotted lines. In
times below the solid solubility of Cu in Gak8?" We do GaAs, annealing only broadens the Zn profilegen circlel
not expect these low concentrations of Cu to create defects igacause of the presence of a concentration gradient. A com-
our samples. parison between the profiles shown in dashed lines and open
We are now in a position to discuss the changedlin  cjrcles in Fig. 5 demonstrates that disordering by Ga:SOG
shown in Fig. 1. It is clear from Fig.(d) that the concentra- produces the same effect on Zn as in the as-grown and an-
tion of the HB2 (acceptor-type deep leyetannot account nealed case. This effect is similar to that shown in Figp),1
for the increase in the free carrier concentration in the neafyhere it was shown that the free carrier concentration did not
surface region of IFDp-GaAs samples. In fact, except for change following disordering by Ga:SOG. However, the
the concentration of HB2 obtained by disordering withsgme cannot be said for annealing under Ga:SOG in
U:SOG at 800 °C(i.e., 1000Mzr2=0.93 K, the defect Al,Ga As. In this case, the profile broadening, especially
concentrations in Fig. (@) are one order magnitude lower for Al, is larger compared for the profiles from the uncapped
than AN, [Fig. 1(b)]. This conclusion remains unchanged and annealed sample. In both cases, the U:SOG layer pro-
even if the Cu-related levels in Fig(é8 were related to the duces the highest disordering, that is largest redistribution of
Cug, double acceptor. We therefore arrive at the conclusiorzn and Al, with a net asymmetry in the broadened profiles
that the pronounced increase in the doping concentration itowards the surface; i.e., relative to the profiles from as-
the near-surface region of disorderpdGaAs epilayers is grown samples.
mostly due to the relocation of Zn. The segregated Zn in the  The results shown in Figs. 5 and 6 are similar to the
top ~0.5 um layer could come from the underlying epilayer investigation of the evolution of a Besimilar diffusion be-

102 |

Normalized (ZnGa)'*® Signal (counts / sec)

0 50 100 150 200 250

ported on electrically inactive Cu in the form of Cu-Ga pre-
cipitates, while Hutchinson and B reported large in-
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FIG. 6. SIMS in-depth profiles g&) Zn and(b) Al from a Zn buried marker

layer grown in A} Ga, /As using either Ga: SOG or U:SOG. Disordering
was carried out at 900 °C for 30 s.

havior as Zy**? marker in GaAs during IFD using Sicand
Si;N, capping layers? In that study, Haddarat al’® con-

J. Appl. Phys. 97, 033524 (2005)

U:SOG capping, interstitial gallium is annihilated, and the
excess of vacancies enhance Zn profile broadening according
to the I-S mechanism. Since the diffusion length of,\h
GaAs is shorf>**the flux of vacancies can be expected to
decrease with distance below the surface. Hence, the concen-
tration of Vg, intersecting the rising edge of the Zn profile
can be expected to be larger than the concentration intersect-
ing the falling edge of the profile. This produces an asym-
metric broadening of the Zn profile towards the surface. This
depth dependence of the flux of vacancies also explains the
similar asymmetry for Zn and Al profiles obtained in disor-
dered A} (Ga, 4As by U:SOG. The larger interdiffusion of Al
and An in Ga:SOG disordered AGa, ,Ag compared to the
uncapped and annealed sample is ambiguous. However, it
does reveal that there is an enhancement of group Il inter-
stitials during disordering by Ga:SOG, which would be simi-
lar to the enhanced interdiffusion of a Be marker layer dis-
ordered by SiN, capping® Since the only difference
between our two structures is the presefoeabsenceof

Al, the results in Fig. 6 suggest that there may be an over-
saturation of aluminum interstitials at the interfaces during
annealing by Ga:SOG. This oversaturation effect may pro-
ceed by a mechanism similar to the swapping between inter-
stitial Zn and substitutional B&. The swapping between in-
terstitial zinc and substitutional Al is favorable because Zn
has an atomic radius that more closely matches that of Ga. At
this stage, this effect remains unclear to us. It suffices to
mention here that the disordering of Zn and Al buried marker
layers is a subject of our ongoing research.

The main point to retain from this discussion is the clear
process of ;senhanced disordering. Although there is no
overwhelming evidence for the exact mechanism that is re-
sponsible for Zn diffusion in GaAs, the kick-out mechanism
is the generally accepted modsimilar to Cu and Bg®***

As our results demonstrate, it is very difficult to maintain this
model under IFD conditions producing a nonequilibrium
concentration of ¥, This conclusion is consistent with
those of Kyet al,™® who have shown that Y, played an
important role in the diffusion of Zn in GaAs doped as low
as ~4x 10 zn/cn? under equilibrium condition. The re-
sults reported here show that both Cu and Zn diffuse towards
the near-surface of disordergdGaAs epilayers where an
excess of 4 is injected; that is, for U:SOG, P:SOG, and
PECVD SiG. The similar changes in free carrier concentra-
tion in p-GaAs following disordering using U:SOG, P:SOG,
and PECVD SiQ suggest that the concentration of excess
V¢, Created by these capping layers is similar. However, the
reason for the temperature dependence of HB2 when U:SOG
is used is not clear to us at the present time. Since the gen-
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