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Measuring Properties of Point Defects by Electron Microscopy: The Ga Vacancy in GaAs
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Exploiting the high spatial resolution and sensitivity of chemical mapping, we measure the intermixing
in a series of microscopic marker layers imbedded in GaAs to detect the passage of Ga vacancies inject-
ed at the surface before the steady state has been reached. We thus deduce each of the formation and
migration enthalpies for the Ga vacancy under technologically relevant conditions. More generally, we
show how multilayers may be used as microscopic laboratories to investigate the properties of intrinsic

point defects in solids.
PACS numbers: 61.70.Bv, 61.16.Di

Scientifically, intrinsic point defects are the elementary
excitations of a solid. Technologically, they play a cru-
cial role in controlling solid-state processes. Accurate
measurement of the formation (H,) and migration (H,,)
enthalpies for intrinsic point defects is thus of scientific
and technological significance. For good experimental
reasons, one has often to contend with a scientifically in-
complete and technologically inadequate description of a
defect in terms of its total ‘“‘activation enthalpy” Q =H,
+H,,. Extensive experimental work on GaAs has pro-
duced a generally accepted value for the diffusion activa-
tion enthalpy of the Ga vacancy (Vg,) [1]. Sophisticated
theoretical calculations have yielded only the formation
enthalpies H; for point defects in GaAs [2-4]. Thus,
comparison between results from experiment (giving
Hs+ H,,) and theory (giving H) has not been possible.

In this Letter, we outline a microscopic technique for
measuring separately the fundamental parameters that
control intrinsic defect formation and migration, and
demonstrate its practicality by presenting results for the
VGa in GaAs. We also show how complex doping profiles
may be used to distinguish between competing mecha-
nisms for impurity-enhanced interdiffusion [1,5,6]. Con-
ceptually, our approach is not new. We inject a selected
point defect type (in this case Vg, into GaAs) by anneal-
ing in an appropriate ambient [7], and detect the arrival
and passage of the defects by monitoring the broadening
of a series of marker layers imbedded in the sample.
What is new is that we employ highly sensitive micro-
scopic techniques [8,9] to measure atomic-scale changes
in the marker layers long before the steady state is
reached, and thus extract the formation and migration
energies separately. .

To appreciate the principle of our experiment, consider
the diffusion of Vg, introduced at the surface [7] through
a homogeneous sample containing a series of ideal mark-
er layers [10]. The passage of the defects causes inter-
mixing between the marker and host atoms, with a
coefficient

D=c.(z,t,T)dg.e ~Hn/kT (1)
¢. is the intrinsic defect (in our case Vg,) concentration
at depth z, time ¢, and temperature T, dg. is a preex-

ponential factor, and the other symbols have their usual
meanings. When vacancies are injected from the surface
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into a sample containing an initially uniform vacancy
concentration c¢;, the concentration at (z,z,7T) can be im-
mediately written down as [11]

c.(z,t,T) =(c; —ci)erfc(z/2L.) +¢; . (2)

—(H,~TS)/KT . _
cs=coe 7 is the near-surface (equilibrium) va-

cancy concentration, Sy is the formation entropy, co de-
pends on the ambient, doping, and temperature [1], and
= 12 = 172~ Hul3KT . i
Li=d.t)"*=(dg.1) "% is the vacancy diffusion
length. Substituting for ¢, in Eq. (1), the interdiffusion
coefficient at a marker layer at (z,2,T) is given by

- —(H,~T.
D(z,t,T) =doe T (coe ~HI~TSOKT _
H,/2kT

Xerfc | ———
2((1’0(71) 12

The first term describes the intermixing caused by the va-
cancies arriving from the surface; the second, the inter-
mixing due to the vacancies already present in the bulk
before any injection from the surface. The experimental
observable is the total intermixing at each marker layer,
given by AL?=L%—L§= [ D(z,1,T)dt, where Ly is
the initial width of the interface between the matrix and
the marker layer. As a result of a lack of sensitivity and
spatial resolution, experiments are generally conducted in
the “‘steady-state” regime, where erfc=1 and c¢;>c;.
Under such conditions, Eq. (3) reduces to

D(T) =d0,.€S//kC0€ —Q/kT. (4)

Measurements in the steady-state regime, therefore, yield
only the total activation energy Q. We measure D versus
depth z and temperature T before the steady state has
been reached, when the full expression given in Eq. (3) is
operative. This yields each of the activation, formation,
and migration enthalpies Q, H,, and H,, separately.
Measuring the small amounts of marker matrix intermix-
ing that occur during approach to steady state requires
high spatial resolution and chemical sensitivity. We use
chemical mapping, a quantitative electron microscopic
technique [8,9,12], capable of measuring interdiffusion
coefficients as small as 10 7?2 cm?/s at individual inter-
faces.

We now describe how a judicious choice of marker lay-
ers, combined with the high spatial resolution of chemical
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mapping, allows us to determine whether impurity-
enhanced intermixing [5] is controlled by the position of
the Fermi level alone [1,5], or is due to pairing with
dopants [6]. As markers, we use twenty 50-A-thick
Alg4GageAs layers, separated by 100-A-thick GaAs
quantum wells (Fig. 1). The activation energy for
group-III atomic diffusion changes by less than 200 meV
as the composition is changed from GaAs to Alg4GageAs
[13]. This is less than 3kT at the diffusion temperatures
we use (~600°C), making AlgsGageAs a near-ideal
marker (see also below). We place dopants (10'®
Si/cm?) only in one-half of the GaAs quantum wells
[14]. Self-consistent calculations [15] show that in this
structure, 5% 10'7 cm ~2 carriers are present in the GaAs
wells, and the band bending is < 10 meV (which is <kT
at 600°C) (Fig. 1). This sample structure thus places
dopants at only one interface of each Alp4Gage¢As marker
layer, while providing the same carrier concentration at
both. By comparing the intermixing at the two inter-
faces, we are able to immediately determine whether Vg,
diffusion is affected by the presence of dopant atoms or
the position of the Fermi level, and thus distinguish be-
tween defect-pairing and Fermi-level models.

The final “twist” in our approach involves the choice of
the layer capping the multiquantum well structure. In
one set of samples (set 4), the Alg4GagsAs/GaAs multi-
layer was capped with a 50-A-thick GaAs layer, doped to
10'® Si/cm?>. This served two purposes. First, it screened
near-surface electric fields due to Fermi-level pinning,
etc. Second, by increasing the surface concentration of
VGa [1,5], it acted as a defect filter, promoting the forma-
tion and injection of Vg, at rather low temperatures
(~600°C). In the second set of samples (set B), the
multilayer was buried beneath a 6000-A-thick, undoped
GaAs cap to reduce defect creation at the surface, and
prevent the defects created at the surface from reaching
the multilayer. In this way, we were able to directly
determine the contribution of the point defects frozen in
the sample during growth, i.e., to measure the second
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FIG. 1. Schematic diagram of multilayers used. The cap

layer was either heavily doped, 50-A-thick, or undoped, 6000-
A-thick GaAs. Inset: Result of self-consistent calculation of
band bending and Fermi-level position at 600 °C.

term in Eq. (3).

In detail, our experiments were carried out as follows.
The multilayers were grown at 600°C by molecular-
beam epitaxy. Bulk samples were annealed for 2 h at
600-650°C in 2.5-ml, evacuated (~5x10"% Torr),
sealed quartz ampoules, containing 3 mg of As. At the
annealing temperatures used, this sets an As, partial
pressure of ~0.24 atm, with no solid As residue. As-
grown and annealed samples were mechanically polished
in (100) cross section, and chemically etched to perfora-
tion; quantitative chemical maps were obtained by a
JEOL 4000EX high-resolution transmission electron mi-
croscope, operating at 400 kV. Chemical mapping is able
to detect single Ga— Al changes in each atomic column
[9], reveal the composition profile across individual inter-
faces with atomic plane resolution [12,16] (Fig. 2), and
directly reveal the presence of nonlinearities in the
diffusion process [12]. No such nonlinearities were ob-
served, confirming the near ideality of Alg4GageAs as a
marker. Using the unannealed profile for each interface
as the initial boundary condition, the linear diffusion
equation was solved to fit the annealed profile, and
deduce the intermixing AL? at each interface of each
marker layer.

We now describe our results. The intermixing is the
same at adjacent interfaces 50 A apart, only one of which
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FIG. 2. (a) Chemical lattice image of an Alo4GaosAs/GaAs
marker/matrix interface before annealing. The compositional
information is encoded in the local patterns that form the im-
age. This information is quantitatively extracted by a pattern
recognition approach, to determine the composition of each
atomic column in the image. (b) Marker/matrix composition
profiles before and after annealing at 650°C for 2 h. Each
point gives the composition of a ~100-A segment of an atomic
plane. The error bars are smaller than the dots. The solid and
dotted lines are solutions of the linear diffusion equation.
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is in the immediate proximity of dopant atoms. In agree-
ment with Deppe and Holonyak [5] and Tan, Gésele, and
Yu (1], this clearly establishes that the position of the
Fermi level (which is the same at both interfaces), and
not the physical presence of dopant atoms, gives rise to
impurity-enhanced intermixing. We thus base the subse-
quent analysis on the (observed cubic) dependence of the
interdiffusion coefficient on the free carrier concentration
[1]1. Turning to the measurement of Q, Hy, and H,, for
the VGa, Fig. 3 shows the intermixing AL /t,anea after
annealing samples from set A at three different tempera-
tures and samples from set B at one temperature. (The
thin, heavily doped cap layer in set A4 causes strong Vg,
injection from the surface; the thick, undoped cap in set B
prevents injection into the multilayer.) These data were
simultaneously fitted by the expression

3
D(z,t, T)=PN: n"(l‘;) Doe ~ 2% Terfc(A)
+d0,.€ —H”'/kTerf(A)c,- , (5)

which explicitly states the doping and pressure depen-
dence of the preexponential factor in Eq. (3). Here
Do=do..co(n,-/nd)3PA—S"/4eS’/k, n; and ng are intrinsic car-
rier and dopant concentrations [1], and A=ze”"'/2”/
2(do.1)"?. Q, Hp, ci, and do,. were used as free parame-
ters for the fits [17]. The preexponential factor Dy was
taken from Tan, Gosele, and Yu [1], where it was de-
duced from a large compilation of data over an extended
temperature range. The best simultaneous fit, represent-
ed by the solid lines in Fig. 2, has a goodness of fit of
0.997. The values deduced for the various thermodynam-
ic parameters are summarized in Table I. Uncertainties
in the deduced parameters were estimated by a Monte
Carlo procedure, allowing Dy to vary by up to 2 orders of

magnitude. Allowing Dy to vary freely increases the un-
certainties (e.g., from 0.2 to 0.7 and from 0.5 to 0.9 eV
for O and Hy, respectively), but leaves the deduced pa-
rameters within the uncertainties quoted in Table I.

We now place these results in context. The activation
enthalpy we deduce (5.7%£0.2 eV) is in excellent agree-
ment with the generally accepted value (6 eV) [1,18].
The value of 4.0£0.5 eV for Hy is in good agreement
with the calculations of Scheffler and Dabrowski [3],
which predict H;= 3.5 eV under our experimental condi-
tions (PAS4=0.24 atm; Fermi level 0.12 eV below the
conduction band). It is difficult to extract H, for these
conditions from the work of Zhang and Northrup [4], but
there appears to be general agreement between our mea-
surements and their calculated value for H; (4 eV in the
As-rich limit; Fermi level at the conduction band). Our
value for the formation entropy [19] [(32.9 +5)kg] is
large, but close to the estimate by Tan, Gossele, and Yu
[1] for the total activation entropy (~25kg). We note
that at 600°C, the entropy term (2.5 €V) is a substantial
fraction of the formation enthalpy. This points to the im-
portance of the entropy term in diffusion in the GaAs sys-
tem, and the need for caution in using absolute-zero cal-
culations for predictive purposes.

We now list the more general implications of our work.
First, our experiments measure the properties of —10'®
X Vga/em? (c; in Table 1), sampling regions ~10 ~'® ¢cm?
in volume. Thus, on average, the sampling volume con-
tains only one vacancy at any time during the anneal.
This ‘‘average” vacancy crosses the marker interface
many times during the anneal, causing an intermixing
easily detectable by our technique [Fig. 3(b)]. Thus, in
contrast to the very high defect concentrations required
to detect point defects by traditional microscopic tech-
niques [20], we have demonstrated a microscopic method
for measuring the properties of realistic concentrations of
point defects. Second, the parameters we have measured
for the formation and migration of the Vg, can be direct-
ly used for technologically relevant predictive purposes,
for example, in process simulation. Third, our results
have established a link between theory and experiment,
indicating the success and shortcomings of state-of-the-
art calculations. Finally, we have demonstrated that the

TABLE I. Thermodynamic properties of Vg, in GaAs (re-
ferred to the intrinsic material at Pas,=1 atm).
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FIG. 3. Plot of AL?/texp vs depth of marker layer. (a) Mul-
tilayer capped by a heavily doped, 50-A-thick GaAs layer, caus-
ing strong injection of Vg, into the multilayer. (b) Multilayer
buried under an undoped, 6000-A-thick GaAs cap, to prevent
significant ¥V g. injection into the multilayer.
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Parameter Symbol (unit) Value
Activation enthalpy Q0 (eV) 5.7+0.2
Formation enthalpy Hy (eV) 40105
Migration enthalpy Hm (eV) 1.7+£0.5
Formation entropy Sy (kp) 329+5
Migration preexponential factor do. (cm?/s) 3.9x1074
“Grown-in" Vg, concentration? ¢i (em™3) 1.2x10'®
Equilib. VG, concentration® ¢ (em™3) 7.2x10'

a5 type, 5% 10'7 electrons/cm?, 600°C.
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extreme sensitivity and spatial resolution of chemical
mapping allow multilayers to be used as microscopic lab-
oratories to investigate point defect reactions in solids.

In conclusion, we have outlined a microscopic tech-
nique for measuring the fundamental parameters that
control intrinsic point defect formation and migration,
and demonstrated its practicality by presenting results for
the Vg, in GaAs.
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FIG. 1. Schematic diagram of multilayers used. The cap
layer was either heavily doped, 50-A-thick, or undoped, 6000-
A-thick GaAs. Inset: Result of self-consistent calculation of
band bending and Fermi-level position at 600°C.
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FIG. 2. (a) Chemical lattice image of an Alo4GagsAs/GaAs
marker/matrix interface before annealing. The compositional
information is encoded in the local patterns that form the im-
age. This information is quantitatively extracted by a pattern
recognition approach, to determine the composition of each
atomic column in the image. (b) Marker/matrix composition
profiles before and after annealing at 650°C for 2 h. Each
point gives the composition of a ~100-A segment of an atomic
plane. The error bars are smaller than the dots. The solid and
dotted lines are solutions of the linear diffusion equation.



