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Abstract

Scanning tunneling microscopy is used to study low temperature grown
(LTG) InGaAs, with and without Be doping. The Be-doped material is ob-
served to contain significantly fewer AsGa antisite defects than the un-
doped material, with no evidence found for Be-As complexes. Annealing
of the LTG-InGaAs forms precipitates preferentially in the undoped mate-
rial. The previously observed dependence of the optical response time on
Be-doping and annealing is attributed to changes in the As antisite concen-
tration and the compensation effect of the Be.

Low temperature grown (LTG) III-V semiconductor materials are known to contain exc
arsenic. This change in the stoichiometry leads to several interesting properties such as a
sorption recovery time or a high resistivity when the materials are subsequently anneale
though most of the LTG semiconductor materials studies to date have been performed on
the possibility of producing devices having a subpicosecond return to equilibrium dynamic i
1.55µm wavelength region has produced a growing interest in LTG-InGaAs and InGaAs/InA
multiquantum well structures.[1,2] Compared to LTG-GaAs, the concentration of As-based
centers is smaller in LTG-InGaAs,[3] resulting in a longer absorption recovery time in undo
material.[4] When LTG-InGaAs is doped with beryllium, the photoexcited free-carrier lifetime
comes shorter and comparable to that of LTG-GaAs (subpicosecond electron lifetimes hav
observed [5]). Whereas annealing of undoped material is found to dramatically slow the abso
recovery time,[6] Be doping maintains the fast recovery time. To explain this effect, the pres
of midgap states has been proposed, arising from complexes between Be dopants and the
As introduced during growth.[1,2,4,5] The direct compensation effect of the Be has also bee
gested.[4]

In this work, we report a study of undoped and Be-doped LTG-InGaAs layers by scan
tunneling microscopy and spectroscopy. The scanning tunneling microscope (STM) has bee
viously used to observe defects in LTG-GaAs.[6] As for that case, we observe in LTG-InGaA
presence of arsenic antisites. We find a significantly lower concentration of antisites in th
grown Be-doped material compared to the undoped material (with the difference being much
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t probe
er than the Be concentration). An observed shift in Fermi-level position resulting from this
creased antisite concentration provides an explanation for the greatly reduced carrier concen

in the Be-doped case.[5] After annealing at 600 C, precipitates are found to form in the und
material, but not for the Be-doped case. The difference in photoresponse time between the u
and Be-doped annealed LTG-InGaAs is thus attributed to a lower As point defect density
undoped case (the precipitates, which are small and widely spaced, act as slow recombinati
ters [7]). Be-As complexes have not been detected, neither in as-grown nor annealed mate

The 1µm thick LTG-In0.53Ga0.47As layers were grown at 240 C by molecular beam ep
axy on a 100 nm n-type In0.53Ga0.47As buffer layer, on an InP substrate. We discuss two samp

one undoped and the other with a Be doping concentration of 2× 1018 cm-3 in the LTG layer. Por-

tions of the samples were annealed at 600 C for 30 s. The samples were cleaved in an STM

high vacuum chamber with a base pressure < 5 x 10-11 Torr, and the exposed (1 0) face wa
immediately examined with the STM in the same chamber. Polycrystalline W tips were chem
etched, and cleanedin-situby electron bombardment. STM images were obtained with a cons
tunnel current of 0.1 nA, and at sample voltages specified below. For all the spectroscopic
surements the tip-sample separation is varied as the voltage is scanned according to∆ s = -a
with a ≈ 1.3 Å/V. Normalization of the spectra is performed as described in Ref. 8.

Figure 1(a) shows a constant current image of the Be-doped LTG-InGaAs layer. This
resolution image is acquired with a negative sample bias, so that the background atomic co
tion arises from the As-sublattice of the In0.53Ga0.47As layer. Depending on the cation neighbo
of a particular As surface atom, the contrast of the arsenic atoms varies [9] and this explain

the As-sublattice of the (1 0) InGaAs surface does not appear homogeneous. Near the ce
Fig. 1(a), a bright protrusion superimposed to the As-sublattice is clearly visible. This defect is
seen in the associated conductance image, Fig. 1(b), where it appears dark. In both images

fect is characterized by a central core and two satellites peaks along the [112] and [ 2] direc
This defect is similar to the defects already characterized in LTG-GaAs and is identified as
senic antisite, AsGa. According to its symmetry, it belongs to the second layer (i.e.one layer below
the surface).[6,10]

Figures 1(c) and (d) contain STM images taken from the Be-doped LTG-InGaAs sa
and the undoped LTG-InGaAs sample respectively. Figure 1(c) is a current image, obtained
aging at constant current using a voltage outside the band gap and then, at each pixel, open
feedback loop and recording the current at a voltage near the edge of the valence band, -0.
this case. Figure 1(d) is a constant current image acquired at a sample voltage of -1.0 V,
sponding to an energy close to the valence band edge. In both images, defects are visible. S
similar to the one seen in Fig. 1(a), and others appear with varying size and brightness. Acc
to the previous work on LTG-GaAs, all these defects are associated with arsenic antisites b
ing to different atomic layers.[6] A comparison between Figs. 1(c) and (d) reveals a higher co
tration of antisites in the undoped layer, with 8 antisites visible in Fig. 1(c) and 24 in Fig. 1
Counting antisites in all our images, obtained on several pieces of the samples using differen

tips, we get concentrations of (30± 5) × 1018 cm-3 for the undoped LTG-InGaAs layer and (7.0±
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1.5) × 1018 cm-3 for the Be-doped material. The antisite concentration thus seems to be low

LTG-InGaAs than in LTG-GaAs samples where a concentration of 1× 1020 cm-3 is usually found

for a growth temperature of 220 C,[6] close to that used for our samples. This result is in a
ment with the reduced antisite concentration previously found in electrical studies of LTG
GaAs,[3,11] for which a possible explanation is a smaller sticking coefficient of As atom
InGaAs compared to pure GaAs.[12] Comparing the antisite concentration between the un
and the Be-doped layers, a ratio of 4.3 is obtained. A similar ratio was also found in LTG-G

grown at 250 C, although the Be concentration, 1× 1019 cm-3, was higher in that case.[13]

Annealing studies for the Be-doped material are shown in Figs. 2(a) and (b). No pre
tates were observed, although individual antisites with their characteristic satellite features ar
resolved in the filled-state image of Fig. 2(a). The simultaneously acquired empty-state im
Fig. 2(b), displays bright protrusions at the position of the antisites. After annealing, the con

tration of AsGa is (5.0± 1.5) × 1018 cm-3, nearly the same as the AsGa concentration prior to an-
nealing. The voltage dependence of the antisites contrasts with that of the Be impurities, de
Be in Fig. 2(b). The Be dopants, being acceptor impurities in n-type material, appear as brigh
ocks in the filled state image and as depressions in the empty state image. We observe v
brightness for the hillocks in the filled state image, corresponding to different positions of the

purities under the (1 0) surface. Using a typical discernable depth for dopants of four atomi

ers,[14] we find a Be impurity concentration of (2.1± 0.2) × 1018 cm-3, in good agreement with
the intended dopant concentration. For the case of the undoped material, we find that annea

duces the antisite concentration by a factor of five, to (6.0± 1.5)× 1018 cm-3. Small clusters, con-
sisting presumably of arsenic precipitates, are also observed, with typical diameter of 75

number density of about 1× 1016 cm-3. We thus conclude that our 30 s, 600 C anneal is sufficie
to initiate the precipitate formation in the undoped material, in agreement with the results of I
sonet al.[11] In addition, we find that the tendency to form precipitates is significantly diminish
in the Be-doped material, which is also in good agreement with past studies on LTG-GaAs

Information on the electronic properties of the LTG-InGaAs is obtained from STM sp
troscopic measurements, as shown in Fig. 3. Spectra (a) and (b) were measured on the un
as-grown LTG-InGaAs layer, whereas spectrum (c) was acquired on the Be-doped as-grow
terial. Spectra (d) and (e) were obtained after annealing the undoped and Be-doped samples
tively. Band edges are clearly resolved in the spectra and are marked by dotted lines. Wit
experimental uncertainty of± 0.07 eV, the measured gaps equal the known value of 0.75 eV. S
trum (a) was obtained by positioning the tip on a second layer As antisite, like the one disp
in Fig. 1(a). It reveals an intense band of midgap states, centered atEC - 0.15 eV, similar to that
observed in LTG-GaAs.[6] For antisites in In0.53Ga0.47As, an energy level has been observed atEC

- 0.032 eV,[3] which we associate with the first donor level (0/+). In analogy with GaAs,[16] a
ond donor level (+/++) is expected 0.23 eV below that. The band of states observed in spe
(a) nearEC - 0.15 eV we attribute of a combination of these states, with some additional broade
produced by Coulomb interactions between neighboring antisites. The shoulder atEC - 0.5 eV in
spectrum (a) we attribute to the free carrier component of the conductance (identical t
“dopant-induced” component seen in doped GaAs[6]). A similar component is seen in spe
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(b), observed far from an antisite defect, thus providing strong evidence of a large concentra
free electrons in this material. In the undoped material, spectra (a) and (b), the Fermi-level (0
located atEC + (0.05± 0.05) eV. Spectrum (c) was acquired from the Be-doped layer, with the
far from any antisite defects. Here, the Fermi-level is located atEC - (0.07± 0.05) eV. Calculations
of electron occupation, using the concentrations and energy levels given above, indicate th
observed Fermi-level shift between undoped and Be-doped material is consistent with the d
residual carrier concentration observed between these materials.[5] Finally, spectra (d) and (
tained from annealed material with the tip positioned far from any defects, show similar Fe
level positions as (b) and (c) respectively.

For both undoped and Be-doped samples, we could not detect any other defects with
centration comparable to that of the antisites, aside from the presence of surface vacancies
are well known on cleaved III-V surfaces. In particular, we find no evidence forBeGa-AsGa pairs.
Since the concentration of complexes between Be dopants and As antisites is apparently sm
consider it unlikely that these defects are responsible for the reported photoexcited carrier lif
shortening in LTG-InGaAs:Be samples.[4,5] Instead, our data supports a model based on t
ference in Fermi-level position between undoped and Be-doped material. Furthermore, we
lish that the preferential formation kinetics for precipitates in the undoped material, together
the compensation effect of Be, can explain the observed data. The significantly lower Fermi
position observed in Be-doped material will lead to a larger concentration of ionized anti

AsGa
+, and a faster photoresponse. Therefore, for as-grown material, Be-doping leads to few

tisites but this is more than offset by the compensation effects of the Be, so that a greater fr
of the antisites are ionized. The photoresponse is thus faster than for undoped material. Af
nealing, the undoped material experiences a sharp drop in antisite concentration, and few o
remaining defects are ionized. Precipitates are present, but they behave as slow recombinat
ters. Thus, the annealed undoped material has a slow photoresponse time, whereas the a
Be-doped material maintains its fast response.

In conclusion, we have used the STM to observe arsenic-related point defects in LT
GaAs. These defects have the same geometric and electronic properties as the defects f
LTG-GaAs, and thus we identify them as arsenic antisites. A comparison between undope
Be-doped LTG-InGaAs layers shows a decrease of the antisite concentration for the Be-
sample. The cause of this decrease is not understood, although it may be caused by a highe
poration rate on Ga sites of Be impurities in comparison to As during the growth, as already
tioned by Missous and others.[13,17] No other defect with midgap states and a concent
comparable to the AsGa concentration has been found. After annealing, precipitates are obse
in the undoped material but not for the Be-doped case. The reduced photoresponse time ob
for the annealed, undoped material is thus attributed to the presence of the precipitates, wh
believed to act as slow recombination centers.

This work was supported by the National Science Foundation under grant DMR–9615
and the MRSEC program under grant 9400415–0144.
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Figure 1 (a) Constant current image and (b) associated conductance image of the (1 0) c
surface of Be-doped LTG-InGaAs, acquired with 0.1 nA tunnel current, at a sample bias of
V. A point defect with two satellites features is observed in both images. The grey scale ran
(a) is 0.8 Å. (c) Current image of the Be-doped LTG-InGaAs sample and (d) constant current i
of the undoped LTG-InGaAs sample. The images were acquired at sample voltages of (c) -0
and (d) -1.00 V. A local background subtraction has been performed in (d) to enhance the co
in the image. Various point defects (arsenic antisites) can be seen. In (c), the deeper sub
point defects are indicated by arrows.
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Figure 2 STM images of a cleaved Be-doped LTG-InGaAs sample after annealing at 600
30 s. Both images were acquired simultaneously at sample voltages of (a) -1.45 V and (b)
V. Grey scale ranges are (a) 4.8 Å and (b) 1.6 Å. Several dopants and antisites are seen. T
impurities (Be) and two arsenic antisites (As) are indicated on the images.
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Figure 3 Tunneling spectra (a) and (b) acquired from the undoped LTG-InGaAs layers, (c)
the Be-doped LTG-InGaAs layer, (d) from the annealed undoped LTG-InGaAs layer, and (e)
the annealed Be-doped LTG-InGaAs layer. The valence band maximum (EV) and conduction band
minimum (EC) are indicated by dashed lines in each spectrum. Spectrum (a) was measured o
defects and reveals a band of midgap states, as indicated by the arrow.
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