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ABSTRACT

We have measured! the:excess: As atoms: present in: GaAs: layers: grown: by molecular beam:
epitaxy at low’ subistrate temperatures:using: particle induced! x-ray’ emission: technique. The
amount of excess: As: atoms inilayers; grown: by MBE at 2007C were found!to be ~dx 1020 ¢mr2,
Subsequent annealing. of the layers:under As:overpressure at 600°C did’ not result in: any;
substantiall As:less;. However, transmission: electron microscopy, revealed!thati As precipitates: (2-
Snmuin: diameter)) were present: inithie annealed'layers: The:lattice:location:of the excess: As:atoms
inithe as: grown layers: was investigated! by ion.channeling, methods. Angular scans; were
performed/in: the <1105 axis:of the crystal. Qur resutls:strongly suggest that a large fraction: of
these excess:As:atomsare located'in:an interstitial' position:close: to-an Asirow:  These As:
"intersitials" are:located!at a:site slightly-displaced from:the tetrahedral' site in:a:diamondicubic
lattice. Nosinterstitial' As signal'is.observediin:the annealed layers..

INTRODUCTIONI

GaAs thin films: grown by Molecular Beam Epitaxy (MBE) at low’ growth temperature, Ty
(<400°C) have been: subject to-many;investigations recently [1-10}, Murotaniter.al; [11] first
reported: the development of this material‘in: 1978  and'predicted it to be:a useful buffer materials
for GaAs field effect transistors: (FET). Smith:et. al. {1] have successfully used the low
temperature MBE: (LTMBE) GaAs as buffer layers for the fabrication of GaAs FET s:and
showed that the LTMBE-GaAs layer eliminates backgating between: the devices. In addition to
its great technological potential, the LTMBE-GaA's layers also have many interesting, material:
properties such: as high defect concentration; high: electrical resistivity-and: are therefore of
scientific interest as well. Previous reports revealedthat LTMBE-GaAs layers: grown: at substrate
temperatures in the range of 200-250°C are highquality’ single crystals with > | atomic % excess
As:[1-3]. These layers have lattice parameters:larger than: that of a normal GaAs:crystal by
~(:1% as measured by x-ray rocking curve:-experiments. The breakdown of the crystallinity in
these: layers occurs at growth temperature below 200°C [6]. At Tg<200°C, only-a thin layer
(<2um): of good quality GaAs can be grown:before a high density of "pyramidal" defects
nucleates and' columnar polycrystalline growth: starts..

Electron: paramagnetic resonance measurements.on LTMBE-GaAs layers. showed that these
layers have: ~5x1018cm-3 As antisite defects [2]. In addition; they are also found to-be highly
resistive and possess no measurable pliotoluminescence signal [1]. Subsequent annealing of
these layers above 400°C in As.overpressure results in:a uniform:semi-insulating property’ and
the lowering of tieir lattice parameter to tlie value of stoichiometric GaAs grown at normal
temperatures (-600°C). Transmission:electron microscopy (TEM) investigation revealedithat As'
precipitates with diameter ranging from 2 to-5. nm are formed in the layers after annealing{2-5].
The As precipitates formation in the LTMBE layers has been studied in detail: by many: '
investigators {4,5,8]; Recently; it has:also been speculated that the semi-insulating nature of the
annealed LTMBE-GaAs layers is the result these As precipitates [5].

In: this paper we report on:an investigation of the LTMBE-GaAs layers grown: at Tg=200°C
using ion beam technigues, namely, particle induced x-ray emission (PEXE), Rutherford
backscattering spectromeiry (RBS); and the combination.of these techniques withiion
channeling, Qur study addresses.onithe issues of stoichiomerry, defects:arising from the off-
stoichiometry, and'the lattice location of excess As in the layers.




EXPERTMENTAL. PROCEDURES

The LTMBE-GuAs layersiwere grownon semirinsuliting liquid-encapsulited Czochinalski
(100) GaAs substrates.. The samples. were grown using a Varian GEN! I MBE systemat Ty =

200°C withhas growthirate ~1lppm/hir. The thickness. of the layers growniis ~2-3 i Some off the
ayers: were annealed! at 6007C in the: MBE chambern with ani As:overpressure. The stoichiometry;
ofl LTMBE-GaAs layers: was: measured! by PIXE using a 1.2’ MeV/ H# beam: with samples: tilted at
60-707 withirespect to-the ionibeam:  The Beamienergy: andithe dlv anlge were chosen so-thav the:
x~ray emitted By the substrate GaAs is: < 10%:of the totall collected x-ray, signaly:. The x-rays.
emitted! were detected by a Si(lLi) detector located at 309 witthrespect to the ion beam.

The crystallinity and' the depth: profile of crystalline defects'in the LTMBE-GaAs:layers
were characterizediby RBS in the channeling orientationiusing a: 1.95. Me V' 4He* beam:. Back-
scattered! particles were analyzedi by a St snrface barmier detecton located at 1657 with respect to
the ion: beam. The samples: were mountedion: aitwo-axis. goniometer for alignment. The latdce
location: of the excess As atoms.ini the LTMBE-GaAs layers. grown at 200°C was. studied by
PIXE/channeling using a 0:5-Me V' H* beam: The ion beamiwas:alignedialong the <1103 axis of
the layer. Angular scans were obtained by, tilting: the sample parallet to-a (110} plane across the
<110»> axis and' measuring the Gag g, and/ Asgp.x-rays. The x-ray, yields at eachitilv angle were
normulized by the values obtained when: the ion beam: was not aligned with-any. axis of the
sample , i. ¢., in'arandom direction

RESULTS AND DISCUSSION

AsHa:
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Figure 1'shows the Gagp, and Asgq x- auo0o i ‘
rays obtained by PIXE for a LTMBE GaAs. _ g
layer (Ty=200°C)iand the bulk GaAs £ o000 f
standur(f normalizediby, the Gagy x-ray; g |
(not shown-in the figure): The higher L 4 QoK
Asgg x-ray yield from the LTMBE layer £H40000 f — UMBE-Gany. ||
indicates the presence of excess As in-the g Tk e
layer. Qver 106'counts of Gagq and Asgy 20000
x-rays were accumulated. The relative i
composition-of the layer [As)/[Galis. oL e o
calculated by taking the ratio of the total Channell
measured! Asg o -and' the Gag g, x-rays andi
comparing titis ratio to that obtained for a Fig.1 1.2 MeV H'* PIXE spectra from the
bulk GaAs standard. Since the Gagg and bulk GaAs standurd and'a LTMBE GaAs
the Aisgq x-rays are notresolved, it 1s layer grown at Tg=200°C. Only the Gagg
necessary to-subtract the Gagp, x-ray' from: and' Asg o peaks:are shown in:the figure.

the total'yield in order to obtain:a more

accurate [As]/{Ga] ratio. This is carried out by assuming a fixed: G"a;q;/GaKa yield ratio. The
overall statistical error-associated: with: this measurement is estimated to be ~0i2%. The amount
of excess As, AlAs]i= ([As]-[Gal)/([As]+[Gal); in this case is = 0.01 (= 4x 1020 atoms/cm3).
The effect of annealing on-the stoichiometry, of the LTMBE layers is also studiedi PIXE results
show that when the layers: were annealed under an As overpressure, there is no-significant
change in:A[As]jup-to-an annealing temperature of 600°C.

X-ray rocking curve measurements on- the unannealed LTMBE layers show: that the lattice.
parameter, a of the layers is considerably langer than: that of a normal GaAs crystal, ay, [2,6,7].
The deviation:in the lattice parameter, Aa=(a-ay)/a, is found to be ~0:2%. Therefore, the PIXE
andi x-ray results. show that more excess As is incorporated into the layer at Ty =200°C and that
the dilation of! the lattice parameter in the layers can be atributed to the presence of excess As
atoms in the layer.

Rocking.curve measurements [7]ion samples annealed in: As overpressure show that the
lattice parameter of the layers: graduzlly, decreases as the layers are annealed av temperatutes
higher than 300°C and' finally resume the bulk value when the annealing temperature reaches
450°C. Since no As loss can be détected by PIXE, the excess As atoms are believed to coalesce
forming As.precipitates in the layer and thus returning thie lattice parameter to-ay, This is
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confirmed! by TEM! experiments: which observed! smalll A's: precipitates: (2-3: nminidiameter) ini a
LTMBE layer (T,=200°C) annealed!at 450°C undér As: overpressure [I8]1. o

For LTMBE layers: grown at Tg 2 200°C, the RBS/EHunneling spectra are very. similar to:
that of the bulk GaAs sample with: shyglily Higher dechunneling in the specira fromu the layen as:
the ions.penctrate deeper into-the layern. Fig. 2' shows the <1105 aligned RBS' spectra from a
bulk GaAs and a L.TMBE layer growm at Ty=200°C as. grown:and! annealed:at: 6007C under As-
overpressure. Note that except for the highen dechanneling rate inithe specra fromi the layers, all
the spectra:are very similar to-the: bulk one indicating: that the layers: have: goodi crystalline quality.
Since TEM experiments didi not reveal any, extended!defects:inithese layers, we caniassume that
the higher dechanneling rates in:the layers:are due to-point defects, The:coneentration of point
defects:canbe calculated!from: the' RBS/¢hanneling spectra as: outlined'in Feldmaniet, all, [12];
The point defect concentrations:in: the as-grown:andi annealed !ayers caibulated' from: the data in:
Fig. 2'are shown in'Fig, 3. A uniform distribution: with npr~ 1.7% 102%mr3'is observed im the as-
grown:layer. This value of np is lower than thie total excess: As.concentration: measured: by, PIXE

. inthis layer (~4.0x1020tmr3), The np,for tiie annealed sample increases. from ~ Ix L020'ag the

surface to a constant value of ~4.6x10%0¢m 3 av 0:4' wm depth:  This: saturatedivalue of point
defect density agrees very well with the excess As concentration ini the: layer; indicating: that most
of the excess As in the annealedilayer exist in the form of random: point defects: contributing. to-
the dechanneling of the ion beam: TEM on this layer revealed that smalll As: precipitates (2-3'nm:
in diameter) are present in'this layer. These precipitates:are either amorphous or "pseudocubic’
constrained: by the GaAs:host crystal! [8]. These observations:ate i good agreement witl the
RBS§/channeling results. The fact that the np inithe as-grown layer is much lower than the excess:
As concentration suggests. that the excess: As ini the as-grown layer may be in the Ga sites. or
sitting in:specific sites close to the normal host sites and therefore with: a-dechanneling factor, op.
smaller than: thar of a'random point aefect. To-investigate the lattice location of the excess As
atoms in the layer, PIXE/¢hanneling experiments were al5o-carried: out.

Figure 4 shows the angular scans.of the Gagg and Asgp: x-rays:across the <110> axis
along a. (110}); plane from:(a) the bulk GaAs standard'and! (b) the as-grown LTMBE layer. The
<110 axis is chosen: since the Ga and' As atoms form: separate rows in: this direction: [12,13]:
defining two separate channels, one bound: by three Ga:rows and the other by three As rows.
Since the critical angle for channeling  is proportional to- the square root of: the atomic number

Z of the target atoms forming the channel, i.e. Wo<Zp1/2 [12] wne: values of the y for the scans
arising from the <110> channel as defined by the Ga and As strings should be different. In: this
case, W(Gablw(fAs)oc*/@'l‘/BS): 0:97. The critical half angle y of the scans is defined as the
angular deviation between the channeled'direction and the angie av which the 4-ray yield'is equal
to half of the value when the alignment of the beam is far from the axial channel. Since Wipey,
the measured 12 values are also o<Zp/2, Table I summarizes, the average Yy2's.of the Gagg
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Table I. A summary; of the average criical' half angles, )2, the minimumiyield, Xmin, and!
the x ratios. obtined! for the Gagq and Asgp,scans of the bulk GaAs stundurdiand! the as.
grown:and! annealed LTMBE. GaAs. layers.

Average Wi <110»
@ 0:08°) Xmin
. _ Wl Gage)
Gay ., A‘SKB Yyl As ) Gaxa Askgy
Bulk GaAs: 0:79 0.85: 93 0120 Q17
As-grown LTMBE: (.78 074 1.05 Mm23 022
Annealed LTMBE: (.78 080 0197 ;21 0:20:

and/ As;cgaécans:andl Xmin for the bulk standard,, the as-grown and!the annealed! LTMBE layers.
The ratios; x=\1/2(Ga)fyyn(As) for the three samples: are also tabulated.

In Table I we notice that x=0:93! for bulk GaAs, slightly lower than the calculatedivalue
0:57. Since the ratio-of the x-ray absorption coefficient of Asyp, to:that of the: Gay o in GaAs is: =
2, the mear emission depth of the Gag, is: greater than that of the Askp. The neteffect of this.is
that the yry/2(Ga) becomes narp awer due to dechanneling of the beam at greater depthy in: the
sample. Therefore x <0:97 in'our measurement is consistent with the calculation. For the as-
grown LTMBE layer, x=1.05, much: greater than: that for bulk GaAs. Notice. also that the
absolute values of the y12(Ga) for the three samples are equal within a measurement error
(£0.04°). " The significant narrowing of the y1/2(As) for the as' grown LTMBE layer indicates
that the <110> chiannel as defined by the As strings is smaller. The most probable cause for this
is the presence of As atoms slightly displaced from the normal As position into the <110>
channel: Since the PEXE results reveal that =4’x1020;cxccs_sAs atoms/em?'are present in the
layer, the: narrowing of the yyp(As) can be interpreted as the result of the presence of excess As
atoms located close to the As atom rows.

In'Fig, 4(b) we also observe two "kinks" in:the: Asgg scan at tilt angle =0:35% in: both
directions of the scan for the as-grown LTMBE GaAs as indicated by, the arrows.in the figure. It
should'be pointed out that although-these "kinks'" are only slightly larger than the measurement
error,. they are reproducible in: the as-grown sample but are not observed in eitfier the annealed or
the bulk standard sample. However, due to tlie relatively large statistical error, the following
guantitaive analysis on these "kinks" can-only provide a rough estimation. Using the continuum
model formulated by Lindhard [14]; the atomic displace=ment r; can be related: to-the yyz2 by the
following expression:

X

where C'is a constant and ais the Thomas-Fermi screening distance. For a normalicrystal; Ty is
just the transverse rms thermal vibration amplitude, p (=0:1202 A for GaAs). A rough: estimate

using 0:35%as the half angle for the displaced As atoms yields a projected displacement ry=0.3. A
in: the as-grown LTMBE sample.

In:the <110> axis, as the sample is tlted parallel'to-a {{110}): plane, the ion beam: will
interact with an: As string in one direction and'a Gaistring in the other direction. This asymmeric
effect has been usedito identify; the lattice location of impurity atoms in:many, IIT-V'
semniconductors [[15,16]. In our channeling results, the direction toward the negarive tilt angles
corresponds. to the direction: toward the As:string, This is confirmed: by the Rutherford
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Fig.4 Angular scans of the Gagq and ASK, \x-rays.obtained!as. the samples.are tilted! parallel!
a (1110) plane about ai <1105 axis: for (a) a sulk GaAs standard; and! (®) the LTMBE GaAs:
layer. Note the "Kinks!" ini (b) in the: As: scan.

backscattering results: recorded! simultaneously’ with PIXE. The yp's:and!x ratios. for Gagy,
and: Asgp, from both the bulk and!the as'rgmwmIJI?MBEiGMs;as;thesnmpl‘c-is:lﬁlmdl toward! tie
As row: parallel toa: {1110} plane are tabulated! in' Table I The pronounced narrewing, in the
Asgp scan from the LTMBE GaAs sample suggests that the excess: As.atoms i the sample are
preferentially bonded  to the As:atoms:im the normall As sites.. The stronger "kink'" toward! the As.
string directionin the As scaminFig, 4(b)also: confirms: this. suggeston.

Experiments: performed on: as-grown: LLTMBE-GaAs layers.using convengent beam electron:
diffraction (CBED) and large-angle diffraction: pattern: (LACBED) [[10] suggested thao the excess.
As atoms in: these layers do not reside on tetratiedral' intersttiall sites. The CBED and LACBED
results can be explained by assuming; thav the As atoms form lower symmetry’ splivinterstitials:
along the <1'T1> axis, i.e., assuming that am As:atomeat 1/4 1/4 1/4 in: the unit cell is; shifted/to a
new position: 1/8: 1/8' 1/8 and!an interstitial is inserted! at 3/8:3/8: 3/8'[10]. Qur PIXE/channeling,
results: are compatible with: this suggestion: ‘

Jon channeling experiments on the annealed LTMBE sample show- thav the narrowing.on
the Asgp; scanis less: than: that of the as-grown sample. For the annealed’ sample, x=0.97,.
slightly higher than that of bulk GaAs. The slight narrewing of the Asgp scan: of this sample
may, then be caused by, the random scattering from these As precipitates. The sligtit increase in:
the Ymin(As) of this annealed sample as compared! to the standard'also-indicates that ~1-2.% of
the As atoms in the sample are not in'registry’ with the matrix as: viewed aleng the <110>
direction.

The PIXE/channeling results reveali that the excess: As atoms i the as-grown LTMBE layer
are not in exact interstitiall positions: but are sitting close to the normal As:sites.inthe lattice.
Thercforc,,the-dechanneling,facmn'm~.[~2152]{for'dicscAs:atems:is;cxpcctcdi to-be smaller. With-
this adjustment in: o, the-calculated np from the: RBS/channeling datais ~2.5% 1020em-3' and'is
still lower than A As] in the layer. The only explanationis that a fraction of these excess As
atoms are iniexact substitutional’ position: not contributing, to:the dechanneling, Recently, using.

Table M. A summary,of the critical half angles, 12, and! the x ratos: for the Gagq, andi
As;cgascansfmm‘vdie:bulk GaAs standard and the LTMBE GaAs layer obtained' when the'
samples are tilted!toward: the: As:atom string; along: a (1 10):plane.

/2 <1105 toward the Asrow:

Gagg Askp. X ratio
Bulk GaAs: 0.78: 0811 0196
LTMBE GaAs. 0:76 0:68: 1,12
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opticall abbsorption and! electron paramagnetic resonance: techinigues;, Kaminska e all. (7] found!
~11.2-1.3% 10" %mr3 neutrall Asgyantisites: im am as-growm LTMBE layen grown at Ty=200°C..
This result is: in good  agreement with our observations: o ion channeting;

CONCLUSIONS:

We have foundl a high level off excess: As, Al As] = Q:00, in LTMBE GaAs. layers: growm at

subdstrate: temperature.= 200°C.. The A{As] inithe layer is: believed! to: be responsible for the
dilation of te lattice constant inithe as-grown layers:. Upomannealing,in As: atmosphiere atbove
450°C these excess: As coalesce forming: As: precipitates.. A lunge fractiom (~607%) of the excess:
As: atoms:in the- as-grown layers: are found! to occupy, arposition very, close to: the normall As: sites.
imthe lattice.. The rest of the excess: As.atoms: are Believeditor be in Asgy antisites:
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