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The thermal formation of Zn-dopant-vacancy defect complexes is studied as a function of annealing time
and temperature between 293 and 480 K on InP~110! surfaces using scanning tunneling microscopy. The
geometric and electronic structure as well as the concentrations of isolated dopant atoms, phosphorus mono-
vacancies, and vacancy-Zn defect complexes are found to be related to each other. An attractive interaction
between the vacancies and Zn atoms is found. The vacancies and Zn-dopant atoms can compensate each
other’s charge and form uncharged complexes. The formation of these compensated defect complexes strongly
decreases the concentration of electrically active Zn atoms. The total observable Zn concentration in the
surface layers remains constant with time at temperatures up to 415 K. Only defect complexes consisting of a
surface vacancy and a subsurface dopant atom are formed. At 480 K the observable Zn concentration de-
creases, however, because defect complexes consisting of asubsurfacevacancy and a Zn atom are formed.

I. INTRODUCTION

The achievement of high carrier concentrations in com-
pound semiconductor crystals and multilayers is crucial for
technological applications. Suitable smooth as well as abrupt
changes of the concentration of electrically active dopants
over atomic distances determine the electrical properties of
semiconductor devices. For example, multilayer structures
consisting ofd-doping profiles yield a particularly high mo-
bility of charge carriers for high-speed applications. Such a
spatial confinement of charge carriers in atomic structures,
however, is to a large degree governed by the properties,
energetics, and thermodynamics of the dopants and related
defect-dopant complexes. For example, a charge repulsion in
d-doped GaAs multilayers1 or the formation of compensating
defect-dopant complexes2 can considerably reduce the con-
centration of electrically active dopant atoms and thus limit
possible applications. Similarly, the charge-carrier concentra-
tion on the surface is, on the one hand, increased by surface
and near-surface dopant atoms and, on the other hand, may
be reduced by compensating for native point defects formed
on the surface, as we will show in this paper.

Scanning tunneling microscopy~STM! is particularly well
suited for investigations of near-surface dopant atoms and
their defect complexes, because STM makes it possible to
identify individual atomic defects and explore their proper-
ties. In particular, III-V semiconductor surfaces with~110!
orientation have a simple relaxation, and can be reproducibly
obtained by cleavage lending themselves well to model stud-
ies of defects, such as antisite defects,3 vacancies,4–6 and
dopant atoms.7–11Unlike thermally cleaned Si~001! surfaces,
the cleaved III-V~110! surfaces have a very low density of
defects@e.g., for our InP~110! surfaces the vacancy density is
231011 cm22 directly after cleavage12#, which makes these

surfaces ideal for investigations ofisolateddefects. To our
knowledge, most previous studies focused onisolated de-
fects. Only recently has the charge of As vacancies on
GaAs~110! been deduced from an observation of the com-
pensation of the charge of vacancies by dopants.13 Thus dop-
ants and native defects, such as vacancies, may interact. Fur-
thermore, it has been demonstrated that the vacancy
concentration on InP~110! and GaAs~110! surfaces can be
reproducibly changed over more than one order of magni-
tude by suitable annealing.12 Thus these systems offer ideal
conditions to explore theinteractions between defectsand
the formation of defect complexeson the atomic scale.

In this paper we present an extensive investigation of Zn-
dopant atoms and thermally formed Zn-vacancy defect com-
plexes in InP~110! surfaces. We explore the concentration
and structure of isolated dopant atoms and vacancy-dopant
complexes as a function of the vacancy concentration, the
annealing time of the samples, and the temperature. We will
focus on the following results in detail.

~i! The structure and electronic properties of isolated Zn-
dopant atoms on InP~110!.

~ii ! The interaction between vacancies and Zn-dopant at-
oms, resulting in the formation of vacancy-Zn complexes
and dipoles with a gradual charge compensation.

~iii ! At low temperatures this formation of vacancy-Zn
dipoles and complexes is the origin of a decrease of the
concentration of negatively charged Zn dopants. The actual
concentration of observable Zn atoms in the surface layers
remains, however, constant with time. Only defect com-
plexes with a vacancy in the surface layer are formed.

~iv! Finally, the concentration of observable Zn atoms de-
creases drastically with time at 480 K. It is suggested that
vacancy-Zn complexes are formed in the bulk.
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II. EXPERIMENT

The experiments were performed with liquid-
encapsulated Czochralski~LEC!-grown p-type InP single
crystals, which had Zn concentrations of nominally
~1.3–2.1!31018 cm23.14 The samples were cleaved inultra-
high vacuumto form reproducibly clean~110! surfaces. After
cleavage, the InP crystals were annealedex situto fixed tem-
peratures between 293 and 480 K at a pressure of 531029

Pa. The heating was performed for some timet before the
samples were radiation cooled to room temperature within
typically 30 min. The sample was then transferred to the
beetle-type STM~Ref. 15! without breaking the vacuum, and
investigated. The STM images were obtained in the constant-
current mode. After each investigation with STM, the
samples were reheated several times at the same fixed tem-
perature to determine the time evolution of the defect con-
centrations. For each temperature an additional sample was
cleaved. The temperature was measured with a thermocouple
pressed against the sample holder, and calibrated by the
melting points of In alloys soldered on the uncleaved sample.
The temperature uncertainty is estimated to be610 K. We
used electrochemically etched tungsten tips conditionedex
situ by field emission.

III. STRUCTURE OF ISOLATED DOPANT ATOMS

Figure 1~a! is a typical large-scale STM overview of the
InP~110! surface showing several defects. Three types of de-
fects can be distinguished by their contrast. The first defect
type appears as apparent elevations~marked Zn!, while the
second defect is surrounded by apparent black depressions
(V). A few defects are more difficult to see, since they are
neither surrounded by elevations nor depressions~V/Zn!.
They are only recognizable as an atomically localized hole.
In Fig. 1~b! these three different types of defects are shown
at a higher magnification. The dark depressions~markedV!

are surrounding isolated positively charged phosphorus
monovacancies, whose structure has previously been ana-
lyzed in detail elsewhere.4,6,16The white elevations~marked
Zn! are due to isolated negatively charged ZnIn dopant at-
oms. We will discuss their properties in this section. The
third type of defects appears as one missing dangling bond
~markedV/Zn! adjacent to a bright dangling bond. These
defects are defect complexes consisting of a vacancy and an
adjacent Zn dopant atom. A discussion of these complexes
and of the interaction between dopants and vacancies is pre-
sented in Sec. IV. The three types of defects visible in Fig. 1
account for almost all defects on the surface. In addition we
observed a few adatoms17 and, rarely, defects which might be
associated with subsurface vacancies. Some cleavage-
induced vacancy clusters were also present, but their density
is negligible compared to that of the three defect types dis-
cussed in this paper.

A. Discussion of the nature of the defects„marked Zn…

We mentioned above that defects appearing as wide el-
evations are ZnIn dopant atoms. Their nature has been previ-
ously discussed for similar defects on GaAs~110! surfaces.7,9

However, we will briefly present the arguments leading to
the conclusion that the Zn-marked defects are in fact Zn-
dopant atoms.

~i! Contaminations of the sample can be excluded because
the defects can be observed directly after cleavage, and their
density does not increase with time.

~ii ! Crystal impurities other than dopant atoms have a
maximum density below 1016 cm23. The defects observed
here have densities of about~2–3!31018 cm23, hence they
cannot be impurities.

~iii ! Phosphorus vacancies can also be ruled out, because
they have a different appearance and structure, and are not
expected to be negatively charge onp-type surfaces. Further-
more the anion vacancies are formed thermally with a strong

FIG. 1. Overview of the defects occurring on InP~110! surfaces. The images have been obtained with a STM after cleaving and annealing
the surface for 5 min at 480 K. In the 75375-nm2 overview image~a!, measured at a sample voltage of22.4 V, three different types of
defects are visible. These are phosphorus vacancies~markedV! appearing as black depressions, white elevations surounding Zn-dopant
atoms Zn, and very localized black dots. The latter are vacancy-Zn-dopant complexes and are marked withV/Zn. One cleavage-induced
vacancy cluster is also present in the upper left corner. Unlike the monovacancies the vacancy clusters are not thermally formed.~b! STM
image with atomic resolution showing the three different types of defects. Six dopant atoms in different subsurface layers, one vacancy, and
one vacancy-dopant complex are visible and marked as in~a!. The scan width is 25325 nm2 ~sample voltage22.2 V!.
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temperature dependence,12,17 unlike the defects observed as
bright elevations. The anion vacancies have been described
previously for InP~110!,6 GaP~110!,4 and GaAs~110! ~Refs. 5
and 18! surfaces, and appear in Fig. 1 as black depressions.

~iv! Indium vacancies essentially do not occur on our
p-type samples.12,17 In addition, they would not be expected
to be negatively charged. The few missing In atoms observed
were always touching vacancy clusters. Furthermore, cation
vacancies seem to exist preferentially in notable concentra-
tions onn-doped surfaces.5

~v!Adatoms can be observed occasionally on the InP~110!
surfaces.4,17 They are, however, uncharged, and are very lo-
calized features without the large charge-induced band-
bending area surrounding them. Furthermore they are very
mobile, unlike the defects observed here. Thus they are not
identical to the defects studied here.

~vi! Antisite defects PIn cannot explain our observations
either, because they are expected to be uncharged or posi-
tively charged onp-doped surfaces. They were investigated
on GaAs~110!,3 and showed a distinctly different contrast. In
addition, the InP antisite defect cannot explain our defects
either, because our material investigated was slightly phos-
phorus rich. In such a material InP antisite defects do not
occur in sufficient concentrations to explain the density of
defects.

The only type of defect which can be correlated with the
negatively charged defects observed are Zn-dopant atoms.
They are expected to be negatively charged, because they are
shallow acceptors of electrons. In addition, the observed de-
fect concentration agrees with the dopant concentration of
the crystals. On GaAs~110! it has been shown that the den-
sity of these defects follows exactly the concentration
changes of superlattices1,19and doping profiles.9 All this sug-
gests that the defects marked Zn in Fig. 1 are indeed Zn-
dopant atoms. More evidence will appear during the detailed
analysis of the data.

B. Appearance of isolated Zn-dopant atoms on InP„110…

The STM images of the Zn-dopant atoms reveal several
different symmetries and apparent height changes of the sur-
rounding P sublattice similar to Be and Zn dopants on

GaAs~110! surfaces.7 These observations will lead to the
conclusion that STM probes Zn-dopant atoms in several sub-
surface layers. Furthermore, the measurements show that the
Zn atoms are in fact on substitutional In lattice sites.

Figure 2 shows three different Zn-dopant atoms obtained
at 21.1 V tunneling voltage. All three defects have a~001̄!
mirror plane~indicated by two arrows in each image!. The
mirror plane is either localized between the atomic rows
along the@001# direction @Figs. 2~a! and 2~c!# or on top of
the atomic rows@Fig. 2~b!#. The locations of the mirror
planes relative to the atomic rows are also visible in the
respective height profiles@Fig. 2~d!# in the @11̄0# direction.
The line cuts labeleda, b, andc in Fig. 2~d! @obtained from
the Zn-dopant atoms imaged in Figs. 2~a!, 2~b!, and 2~c!,
respectively# show the corrugation through the center of the
defect along the atomic rows marked by the dashed lines.
The symmetry shows up in an equal raising of two atoms
(a,c) or only one atom (b). Thus the center of the defect is
located either in between or underneath the atomic rows in
the @001# direction.

In contrast, there is no mirror plane with a~1̄10! orienta-
tion. The atoms on one side of the defects’ maximum appear
brighter than those on the other side. This is clearly visible in
the height profiles along the@001# direction in Fig. 2~e!. In
the height profilesa andc the first and second atoms to the
left side of the maximum~atoms at21 and22 lattice spac-
ings! are more raised than the respective atoms on the right
side ~11 and12 lattice spacings!. This is just reversed for
profile b. Thus the centers of defectsa and c are shifted
toward the@001# direction, while that of defectb is displaced
in the @001̄# direction relative to the atomic rows in the@1̄10#
direction.

Finally Figs. 2~d! and 2~e! show that the magnitude of
apparent height changes of the underlying P sublattice de-
creases from defecta to defectc. At the specific sample
voltage of Fig. 2~21.1 V! the highest elevation relative to
the defect-free P sublattice of defectsa, b, and c reaches
about 0.09, 0.06, and 0.04 nm, respectively.

This apparent rise is also strongly dependent on the tun-
neling voltage, but the relative order of magnitude of the
height change does not change. Defecta always appears

FIG. 2. Zn-dopant atoms of
typea in the first~a!, typeb in the
second~b!, and typec in the third
~c! subsurface layer. The arrows
indicate the mirror plane of the
defects. ~d! and ~e! show the
height profiles~labeleda, b, and
c! in @1̄10# and @001̄# directions
through the respective defects vis-
ible in ~a!, ~b!, and ~c!. The pro-
files show the symmetry of the de-
fects.
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more raised than defectb or c. It should be noted that the
brightest defect has always the~11̄0! mirror plane between
two @001# rows ~two atoms are equally raised!.

The voltage dependence of the Zn-dopant atoms is sum-
marized in Fig. 3. All images in Fig. 3 have been measured
and treated in exactly the same way, such that the values of
the gray scale are comparable. The figure sets labeleda, b,
and c are the dopant atoms of Figs. 2~a!, 2~b!, and 2~c!,
respectively. The figures labeled with an additional 1, 2, and
3 have been measured at22.4, 21.5, and21.1 V, respec-
tively. The figure labeledc1 was measured at21.8 V, be-
cause at higher negative voltages the defect was not visible.
The brightest Zn atom is in the upper right corner, while in
the lower left corner nearly no visible elevation remains.
Figure 4 shows the effect of the voltage on the height profiles
of the brightest Zn-dopant atom, which is situated in the first
layer, as will be discussed below.

The charge of the dopant atoms is screened with a screen-
ing length of about 1.2 nm. It has been deduced using the
procedure previously applied to defects on Si~Ref. 20! and
vacancies on III-V semiconductors.21,22 This procedure is
based on the assumption that the charge-induced band bend-
ing yields a height change proportional to the screening fac-
tor exp~2r /Rs!. The value of the screening length is in good
agreement with the screening length determined for the P
vacancies on the same surface.23

C. Structural model of the different Zn-dopant atoms

The apparent elevations surrounding every Zn-dopant
atom are due to a charge-carrier accumulation around the

negatively charged dopants. This accumulation induces an
upward band bending which is visible in the STM
images.20,21The voltage dependence of this charge accumu-
lation in the STM images is typical of charged defects and
has been previously observed and discussed for P and As
vacancies4,17 and dopant atoms.7,10,11 In order to understand
the voltage-dependent contrast, it is necessary to take both
the charge accumulation around the Zn-dopant atoms and the
tip-induced band bending into account. Each Zn is sur-
rounded by a cloud of holes which screen the negative
charge. The negative sample voltage induces an additional
accumulation of electrons, creating a downward band bend-
ing. This tip-induced band bending follows the tip and thus
affects the surface similarly at all locations. The charge cloud
around the dopant atom is, however, localized and subse-
quently leaves an elevation in the STM images. The relative
current extracted from the additional states available for tun-
neling due to the charge-induced upward band bending
changes with the voltage. At larger negative voltages more
states contribute to the tunneling current, and thus the rela-
tive effect of the Zn-induced upward band bending de-
creases. This is reflected in the STM images, which show a
decrease of the brightness of the dopant atoms with increas-
ing absolute value of the voltage~Figs. 3 and 4!.

The largest band bending of the Zn-dopant atom is ex-
pected to occur directly at the site of the Zn atom itself. Thus
the center of the elevation visible in STM images should
reveal the lateral position of the charge and thus of the Zn
atom itself. In addition, the symmetry and brightness reflects
the depth of the Zn atom. The defects in Fig. 2 have the
center of the band bending located either between two
atomic rows in the@001# direction, slightly displaced in the
@001# direction, or on top of a@001#-oriented row and dis-
placed in the@001̄# direction. These locations alternate with
decreasing magnitude of the apparent elevation of the de-
fects. This can be directly correlated with different surface
and subsurface positions of the Zn atom. First we consider
substitutionally incorporated ZnIn atoms. Figures 5~a! and
5~b! show top and side views of Zn atoms incorporated in the
first, second, and third layers. The Zn atom in the first layer
has two nearest-neighbor P atoms in the surface, which are
expected to be equally bright in the STM images. These two

FIG. 3. Voltage dependence of the contrast of Zn-dopant atoms
of type a ~in the surface layer! (a1–a3), type b ~second layer!
(b1–b3), and typec (c1–c3) ~third subsurface layer!. The white-
to-black corrugation change is about 0.9 nm for image (a3), and
the values of the gray scale are comparable for all images. The
figures labeled with an additional 1, 2, and 3 have been measured at
22.4,21.5, and21.1 V, respectively, with the exception of (c1),
which has been measured at21.8 V. The images have the same
orientation as those in Figs. 1 and 2.

FIG. 4. Height profiles through a Zn-dopant atom of typea ~in
the first layer! at different voltages. The profiles were measured
along the@1̄10# direction.
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atoms are located along the@11̄0# rows. In addition, the P
atoms in the@001# direction are always a little bit closer to
the Zn atom, and thus should be raised higher than those in
the @001̄# direction. This is due to the fact that the Zn atom is
displaced by14a in the @001# direction. This situation de-
scribed here is that observed for defecta in Fig. 2.

In contrast, the Zn atom in the second layer has only one
closest-neighbor P atom in the surface layer. Furthermore,
the Zn atom is also displaced by14a, but in the ~opposite!
@001̄# direction compared to the Zn atom in the surface layer.
Since the Zn is located further away from the surface the
band bending on the surface and consequently the elevation
in STM images is smaller compared to that of a Zn atom in
the surface layer. This configuration is reflected by the Zn-
dopant atom in Fig. 2~b!.

Finally, the Zn in the third layer again has the same sym-
metry as that in the surface layer. It induces only a smaller
band bending on the surface because of its larger depth. The
dopant atom in Fig. 2~c! belongs to this subsurface layer.

Up to now we have only considered substitutional ZnIn
atoms. ZnP on P lattice sites can be excluded, since Zn is
known to be either on In or interstitial sites. Furthermore the
symmetry/brightness relation does not agree with P lattice
sites. Zni on interstitial sites can also be excluded, because it
is expected to be positively charged in InP~Ref. 24! and
would also have a different symmetry behavior. In addition,
it is conceivable that Zn on near-surface interstitial sites will
relax after cleavage onto the surface, and probably evaporate
due to the low vapor pressure.

Thus it can be concluded that substitutionally incorpo-
rated Zn-dopant atoms can be observed and distinguished in
three different subsurface layers. In fact the dopant atoms
can be observed depending on the quality of the tip up to six
layers deep~about one screening length deep!. The broad-
band bending in our samples makes it difficult, however, to
observe the symmetries of dopants in such deep layers reli-

ably, because the noise level obscures the decreasing relative
height changes from atom to atom.

D. Comparison with observations of Zn and Be dopants
in GaAs„110…

The Zn-dopant atoms observed on InP~110! have many
similarities to those observed on GaAs~110! surfaces.7–9 On
both surfaces the dopant atoms are negatively charged and
have the same symmetry alternating with even and odd sub-
surface layers. The dopants can be observed in both cases up
to about six subsurface layers deep. No lattice relaxations are
observable around the dopant atoms in both materials, al-
though the Zn substitutes~ion radius 0.083 nm! a larger In
ion ~0.092 nm! in InP, and a smaller Ga ion~0.062 nm! in
GaAs. Thus the contrast visible in STM images is only in-
duced by the charge accumulation around the negative
charge. Be dopant atoms7 in GaAs show the same features.
For a SiGa donor in the GaAs~110! surface layer, a well-
localized charge has been predicted.25 This gives a specific
signature to the Si donors, which has not been observed for
the Zn or Be acceptors.7,8 The acceptors have no localized
state in the STM images.

IV. VACANCY-DOPANT COMPLEXES AND DIPOLES

A. Structure and appearance of vacancy-dopant complexes
and dipoles

In Sec. III we studied only isolated Zn-dopant atoms.
However, if the vacancy concentration increases, the prob-
ability of finding a close vacancy-Zn pair is raised, and de-
fects like that labeledV/Zn in Fig. 1 can be observed with
increasing density. Figures 6~a! and 6~b! show high-
resolution images of two different types of such defects. For
comparison a positively charged vacancy far away from any
Zn dopant is displayed in Fig. 6~c!. The defects in Figs. 6~a!
and 6~b! are not surrounded by any height changes~elevation
or depression! like those around dopants and vacancies. Thus
they do not induce a band bending and are uncharged over-
all. They always consist of one localized hole of the size of
one phosphorus dangling bond, and one or two apparently
raised dangling bonds. Figures 6~d!–6~f! show a series of
vacancies at different distances from Zn-dopant atoms. Zn-
vacancy pairs with a large separation do not change each
others’ appearance and properties. However, as the separa-
tion is reduced, both the vacancy and the Zn have a less
pronounced band bending@compare the two dopant atoms in
Fig. 6~d!#. Finally, if the Zn is a direct neighbor of the va-
cancy, defect complexes like those in Figs. 6~a! and 6~b! are
formed. Figures 6~d!–6~f! are still separate defects and thus
atomic scale dipoles.

The origin of the defects can be confirmed by analyzing
the height profiles through them~Fig. 7!.13 The profiles are
comparable, since they were obtained with the same tip state,
set current, and tunneling voltage. Profilesa and b show
height changes induced by an isolated negatively charged
Zn-dopant atom and an isolated positively charged phos-
phorus vacancy. As discussed above, the height change of the
Zn atom is mostly due to the charge accumulation around the
negatively charged ion. If the two profilesa andb are added
~a without the atomic corrugation in order to add only the

FIG. 5. Schematic explanation of the symmetry of the substi-
tional ZnIn atoms in different subsurface layers.
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height change induced by the charge accumulation!, the
depletion zone around the vacancy is compensated by the
accumulation zone around the Zn and the resulting profile
should only show the structural relaxations of the vacancy
~profile c!. For comparison a profile (d) has been obtained
for a vacancy dopant complex like that displayed in Fig.
6~a!. It matches well with the calculated profile (c), suggest-
ing that the defect in Fig. 6~a! is in fact a~partially! charge-
compensated Zn-vacancy defect complex. If the dopant atom
is displaced relative to the vacancy by seven lattice spacings
in the @11̄0# direction, the sum of profilesa and b yields
profilee. The latter can be compared with a measured profile
of the vacancy-Zn dipole in Fig. 6~e! ~profile f !. Again they
agree well. It should be noted that profilesc andd are not
completely charge compensated, since the Zn-dopant atom is
in a subsurface layer.

The defect complexes in Figs. 6~a! and 6~b! are nearly
completely compensated. However, the voltage dependence
in Fig. 8 reveals that there is still a very small charge accu-
mulation and depletion at the site of the Zn and the vacancy,
respectively. For example, if the magnitude of the voltage
decreases, the neighboring dangling bond~s! in Figs. 8~c! and
8~f! both appear brighter, while the dangling bonds on the
other side of the vacancy appear darker. Thus even the defect
complexes are still atomic scale dipoles. This effect is small
and only observable at very low negative tunneling voltages,
but it allows us to deduce the most likely location of the Zn
atom relative to the vacancy: the Zn atom in Figs. 8~a!–8~c!
is localized in the second layer, as indicated by its mirror
symmetry on top of a@001# row. Furthermore it has its maxi-
mum in the neighboring@11̄0# row compared to the vacancy.
The Zn atom in Figs. 8~c!–8~f! is a nearest neighbor of the
vacancy in the@11̄0# direction. We observed Zn on all In
sites around the vacancies with roughly the same frequency.

B. Charge compensation of dipoles and the vacancy charge

The charge compensation of vacancies and Zn-dopant at-
oms can be analyzed better after the subtraction of all struc-
tural contributions to the STM images. We will demonstrate
this for the dipole in Fig. 6~e! using the profiles of Fig. 7.

Profile f in Fig. 7 is a composite of both the charge accumu-
lation and depletion and the structural relaxation around the
vacancy~including the missing dangling bond!. The latter
can be estimated from profilesc andd in Fig. 7, which just
show the structural properties of the vacancy~with no
charge!. Thus subtracting the structural properties of the va-
cancy~profiled! from the dipole profilef yields in sufficient
approximation the height change induced by the charge-
carrier accumulation and depletion@Fig. 9#.

Figure 9 shows that the vacancy-Zn combination is in fact
a dipole. For comparison the respective height changes in-
duced by the charge-carrier clouds of the isolated Zn and
vacancy have been included in Fig. 9. Both isolated defects
have a larger height change~in magnitude and extension!
than the respective areas of the dipole. This indicates that the
Zn and vacancy charges are indeed partly compensated. The
degree of compensation can be estimated by comparing the
integral of the profiles. It is found that the integrals of the
dipole charge accumulation and depletion are about 70% of
those of the isolated Zn and vacancy, respectively. Although
this is not proportional to the real charge accumulated, it
gives a rough estimate of the charge compensation. For the
calculation of the real charge accumulation it is necessary to
take into account that the charge cloud is noncylindrical and
three dimensional.

FIG. 6. Vacancy-Zn defect complexes and dipoles.~a! and ~b!
show two complexes,~c! an isolated vacancy for comparison, and
~d!–~f! dipoles with different separations. The images have the
same orientation as those in Fig. 1.

FIG. 7. Height profiles through~curve a! a negatively Zn-
dopant atom,~curveb! a positively charged P vacancy,~curvec! the
sum of a and b showing the structural relaxation of the vacancy,
~curved! a charge-compensated vacancy~defect complex!, ~curve
e! the sum ofa andb offset by seven lattice spacings, and~curve
f ! the profile of a dipole consisting of a vacancy and a Zn atom
separated by seven lattice spacings. All linecuts have been mea-
sured with the same tip at22.1 V and 0.8 nA. The profiles were
measured along the@1̄10# direction ~along the apparent atomic
rows!.
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Figure 10 shows the estimations of the degree of charge
compensation as a function of the separation of the
vacancy-Zn pairs. It indicates a gradual charge compensation
with decreasing separation. This gradual change suggests
that the vacancy and the Zn can completely compensate each
other if they reach the same lattice site. This agrees with the
observation of no-long-range charge screening or band bend-
ing around the Zn-vacancy defect complexes. Thus the total
charge of the complexes is 0. Only a dipole field is left. If
one assumes that a near-surface Zn-dopant atom has a charge
of 21e as in the bulk,24 the vacancy must have a11e
charge. This result agrees with an independent previous
charge determination of the vacancies on InP~110!,23 and
with a similar compensation that has been observed for As
vacancies on GaAs~110!.13

C. Interactions between dopants and vacancies

Defects can interact with each other. If this interaction is
repulsive, the defects try to avoid each other and defect com-

plexes are energetically unfavorable. However, an attractive
interaction can result in a considerable increase of the con-
centration of defect complexes, since the defect complex
may be energetically more favorable than single defects. In-
formation about an attractive or repulsive interaction can be
deduced from the occurrence of pairs as a function of their
separation. If this pair distribution function is divided by that
of randomly distributed noninteracting pairs, the pair-
correlation function is obtained.26 Figure 11 shows the pair-
correlation function of vacancy-Zn pairs as a function of the
pair separationprojected on the surface. The correlation
function shows a strong increase for distances shorter than
about 1.5 nm, indicating an attractive interaction. The fact
that the vacancies and dopants have opposite charges makes
an attraction conceivable.

It should be noted that the determination of the pair dis-
tribution function for noninteracting pairs is difficult because
of the low number of pairs observed at greater distances~due
to the attraction!. Therefore we calculated the theoretical pair
distribution function using the measured vacancy and dopant
concentrations. We assumed that dopants in the first three or
four subsurface layers may attract surface vacancies. This
results in the pair-correlation function in Fig. 11. If the Zn
atoms in the deeper subsurface layer also influence the va-
cancies, the hole correlation function may be shifted slightly
downward~logarithmic scale!, but the strong increase below
1 nm separation is not affected.

D. Concentration of electrically active dopants:
Influence of vacancies

Figure 12 shows two images obtained after annealing the
samples at 480 K for 5 and 1100 min. Two features can be
observed: the concentration of vacancies increases and the
concentration of negatively charged Zn-dopant atoms de-
creases. In Fig. 12~a! eight ZnIn

2 can be observed, while in
Fig. 12~b! only one is left. We purposely chose a STM image
with an observable dopant atom for Fig. 12~b! in order to
demonstrate that the reduction is not due to imaging condi-
tions of the tip, allowing no observation of dopants. For most
images no dopant atoms were found at all.

FIG. 8. Voltage dependence of the defect complexes in Figs.
6~a! and 6~b!. The images were measured at~a! 23.3, ~b! 22.1,
~c! 21.4, ~d! 23.3, ~e! 22.0, and~f! 21.5 V.

FIG. 9. Height change due to the charge accumulation and
depletion of a vacancy, a vacancy-Zn dipole, and a Zn dopant. The
data have been obtained from the linecuts~a!, ~b!, and~f! in Fig. 7.

FIG. 10. Relative surface area in Fig. 9 of the dipole for differ-
ent vacancy-Zn separations. The data can be understood with a
gradual compensation of the charge accumulation and depletion
zones around the vacancies.
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At low temperatures~293 and 415 K! the decrease of the
charged dopant atoms is proportional to the vacancy concen-
tration ~Fig. 13!. At the same time the concentration of Zn-
vacancy complexes increases, also proportionally to the va-
cancy concentration. The sum of the observable isolated
charged Zn atoms and the defect complexes, however, re-
mains constant with the vacancy concentration and time~Fig.
13!.

This observation of the decrease of electrically active Zn
atoms can be explained by the probability of finding a va-
cancy close to a dopant atom. If the vacancy concentration
increases, the complexes formed must increase proportion-
ally, and the remaining charged Zn atoms become fewer. As
long as no vacancy leaves the surface plane and no Zn atom
desorbs or migrates, the total concentration of Zn is thus the
sum of the densities of defect complexes and charged Zn
atoms. The total concentration of Zn should remain constant,
as observed. This interpretation also implies that all
vacancy-Zn complexes formed have their vacancy in the sur-
face layer, while the Zn atom may be in some subsurface
layers. Thus on the surface the average dipoles have their
positive charge on the surface, while the negative charge is at
or below the surface.

It should be noted that most charged Zn atoms visible at
high vacancy concentration are Zn atoms several subsurface
layers deep in the crystal. They have a smaller attraction on
surface vacancies and thus remain isolated for the longest

time. Essentially no isolated surface Zn atom was observed
for higher vacancy concentrations.

In Fig. 13 the slope of the ZnIn
2 concentration as a func-

tion of the vacancy density is20.1. This value shows that
about 10% of the vacancies are compensated by~or compen-
sate! a Zn atom. If there were no interaction between the
vacancies and dopant atoms this value should be about 6%
for a complete compensation by Zn atoms in the first six
subsurface layers~using the measured concentration!. The
observed higher compensation rate also corroborates the ex-
istence of an attractive interaction between the vacancies and
dopant atoms.

The sum of the vacancy concentration and charged Zn
concentration in Fig. 13 is not constant. This situation is
unlike that in a previous study on GaAs with samples having
a ten-times-higher Zn-dopant concentration.13 There about
80% of the vacancies are compensated. The higher Zn con-
centration is the reason for this different behavior: at high-Zn
concentrations nearly every vacancy has a Zn atom close

FIG. 11. Pair-correlation function between vacancies and Zn
atoms as a function of their projected separation on the surface.

FIG. 12. Reduction of the concentration of
negatively charged dopant atoms with increasing
vacancy concentration.~a! has been measured af-
ter 5 min and~b! after about 1100-min annealing
at 480 K. In the lower right corner of~b! a dopant
atom is visible, showing that the dopant atoms
can be in principle observed. The images have the
same orientation as those in Fig. 1.

FIG. 13. Concentration of the electrically active Zn dopants
~ZnIn

2!, of the uncharged Zn-vacancy defect complexes and elec-
trically active Zn dopants~@VP/ZnIn#

01ZnIn
2! ~total observable Zn

concentration!, and of the vacancies and electrically active Zn dop-
ants~VP11ZnIn

2! as a function of the vacancy concentration. The
data have been obtained on samples annealed at 293 and 415 K.
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enough to compensate each other. Thus as the vacancy con-
centration increases the Zn concentration decreases nearly
equally.

V. TEMPERATURE AND TIME DEPENDENCE
OF THE DOPANT CONCENTRATION

A. Decrease of the observable Zn atoms in the surface
at high temperatures

Up to now we have only studied the concentration of
charged dopant atoms and defect complexes as a function of
the vacancy concentration. However, the vacancy concentra-
tion is not an independent variable, since the formation of
vacancies is governed by the annealingtime and tempera-
ture. Thus the real independent variables are time and tem-
perature. The statistical analysis performed in Sec. IV D has
been done for low temperature in the range of 293–415 K. In
this range the total concentration of observable Zn atoms in
the surface layers~sum of the charged Zn and uncharged
vacancy-Zn complexes! remains unchanged with the heating
time ~Fig. 14!, allowing us to perform the previous analysis.
We would like to mention that the doping concentrations in
Fig. 14 vary slightly between the two samples because of
inhomogeneities of the Zn concentration in the wafer used.14

The relative differences in Zn concentration on one sample
can, however, be reliably measured with STM.

In contrast to the measurements at low temperatures
~,415 K! the observable Zn concentration in the surface is
decreasing with time by a factor of about 2 after 2500 min of
annealing at 480 K. As for low temperatures, the density of
negatively charged Zn atoms decreases, but the increase of
the concentration of defect complexes~with a vacancy in the
surface layer! does not compensate for the loss of charged
isolated Zn atoms.

B. Discussion of possible mechanisms
reducing the observable Zn concentration

There are several possible mechanisms which can lower
the observable Zn concentration at higher temperatures~see
Fig. 15!. For the following discussion it should be kept in

mind that STM does not necessarily allow us to measure the
total concentration of Zn in the surface and the first few
subsurface layers. In particular we cannot observe uncharged
defects or defect complexes below the surface layer.

We will discuss the following mechanisms:~i! Formation
of compensating defect complexes in subsurface layers~with
immobile Zn!. ~ii ! Real depletion of the Zn concentration in
the surface by Zn diffusion.

In the following we will present arguments leading to the
conclusion that the apparent Zn depletion is due to the for-
mation of uncharged subsurface defect complexes. If such
defect complexes are uncharged, no band bending can be
observed on the surface. Since we can only observe subsur-
face Zn atoms due to their charge-induced band bending,
each uncharged subsurface defect complex thus formed will
reduce by one the number of observable Zn atoms, even if
the Zn atoms remain immobile. In order to compensate a
dopant atom in the bulk, a11e charged bulk defect must be
introduced into the subsurface layers. If the defect has an-
other charge, the complex will not be completely compen-
sated, and will have a remaining positive or negative charge.
In the latter case we would detect it on the surface. However,
we did not observe positive subsurface charges in the neces-
sary concentration~negative charges would have been
counted as one dopant atom!. Thus the defect complexes
must be uncharged~similarly to those on the surface!, and
thus the defect introduced in the bulk11e is charged.

At this stage one can ask what kind of defect can com-
pensate the dopants. This compensating defect must be11e
charged. Simultaneously one should take into account that a
previous study of the thermal formation of vacancies re-
vealed that the vacancy formation rate increases up to 435 K.
Above that temperature it decreases. This observation ad-
equately matches the temperature dependence of the de-
crease of the effective Zn concentration. The decrease of the
vacancy formation rate had been explained by outdiffusion
of phosphorus from the bulk, while the exact atomistic pro-
cess remained undetected,12 but this may nevertheless give
some indication of which defects can compensate the Zn
dopants.

FIG. 14. Concentration of the total observable Zn concentration
~@VP/ZnIn#

01ZnIn
2! as a function of the time at 293 and 415 K.

FIG. 15. Concentration of the ZnIn
2, @VP/ZnIn#

0, and
@VP/ZnIn#

01ZnIn
2 as a function of time at 480 K.
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The outdiffusion of phosphorus can occur via two atomic
processes, the interstitial diffusion of P to the surface and the
migration of vacancies into the bulk~substitutional diffu-
sion!. In our case this would result in@Pi /ZnIn# and@VP/ZnIn#
defect complexes, respectively. We now use theoretical cal-
culations to find out which of these defect complexes can be
uncharged. A charge of13e is predicted for the interstitial
anions inp-type InP,24 GaAs,27 and GaP,27 while a charge of
11e is predicted for an anion vacancy in the respective
anion-rich materials.24,27–31 In addition, the As vacancy in
the GaAs bulk was found to be a simple donor.32 This sug-
gests that only the formation of subsurface phosphorus-
vacancy–Zn-dopant atom complexes can explain the de-
crease of the observable Zn concentration. For completeness
we can also exclude other defects, such as antisites, In inter-
stitials, or In vacancies, as the compensating defect, because
they do not have a single positive charge.24 They could only
act as compensation if they compensated several close Zn
atoms simultaneously. This, however, appears unlikely at our
dopant concentration.

This explanation does not exclude, however, that intersti-
tial diffusion of phosphorus also reduces the vacancy forma-
tion rate. The latter mechanism may be responsible for the
strong decrease of the vacancy concentration at 575 K, and
may destroy all vacancy-Zn complexes formed by filling the
vacancies and thus making the Zn atoms observable. It could
also be that at this temperature the vacancies are sufficiently
mobile to leave the Zn atoms and diffuse freely into the
crystal. At the present stage this matter cannot be resolved.

For the formation of subsurface vacancy-Zn complexes
the vacancies need a certain mobility. The vacancies have
enough mobility to migrate on the surface, but migration into
the subsurface layers requires a higher energy~similar to that
for diffusion in the bulk!. Radioactive tracer experiments on
bulk InP yielded an activation energy for bulk diffusion of
5.65 eV.33 This would exclude substitutional P from playing
any role in the temperature range investigated in our experi-
ments. However, the results in the literature are
contradictory,34 since results of emission channeling35 and
electron paramagnetic resonance experiments36 suggest that
vacancies may be mobile at 400 K. Even if the vacancies
cannot yet migrate at those temperatures in the bulk, there
are two reasons why they may nevertheless migrate toward
the subsurface Zn atoms: First, it is conceivable that the dif-
fusion energies for the first few subsurface layers may be
significantly different from the bulk. Second, the Zn atoms
are negatively charged, and the attractive interaction poten-
tial between them and a positively charged vacancy may
lower the migration barrier toward the Zn atom~but not

away from it or at a place without Zn atoms!. Thus the posi-
tive vacancies may be attracted a few layers into the surface
and form immobile complexes.

A real surface depletion of Zn can be excluded, since it is
well known that the diffusion of substitutionally incorporated
Zn atoms occurs only at very high temperatures. For ex-
ample, in GaAs and InP this seems to start at about 1000
K.37,38 Our measurements, however, were performed below
480 K. If, nevertheless, such an outdiffusion of Zn were to
occur, this mechanism should be even faster at even higher
temperatures. However, at 575 K we again observed a nor-
mal surface concentration of Zn. At this high temperature the
concentration of vacancies is very low. This reduces the
probability of vacancy-Zn complexes and again confirms that
defect complexes play a role in the decrease of the observ-
able Zn concentration. A surface depletion due to Zn migra-
tion into the crystal can also be excluded, because the diffu-
sion would increase the concentration gradient. Furthermore
the solubility of Zn on substitutional lattice sites in InP is
limited and lower than in GaAs. Since our crystals are al-
ready relatively highly doped, Zn migration into the crystal
is implausible.

VI. SUMMARY

We presented a comprehensive study of Zn-dopant atoms
and their surface and subsurface defect complexes on InP
~110!. Electrically active Zn atoms in different subsurface
layers can be distinguished by their symmetry and effective
charge accumulation on the surface. These isolated electri-
cally active Zn atoms can be compensated by vacancies
forming defect complexes with atomic scale dipoles. The
formation of vacancy-Zn complexes has been investigated as
a function of the vacancy density, annealing time, and tem-
perature. It is found that the observable Zn concentration
remains constant in a low-temperature range~up to 415 K!
but decreases at 480 K. This is explained by the formation of
defect complexes consisting at low temperatures of asurface
vacancy and a subsurface or surface Zn atom, while at higher
temperatures uncharged subsurface defect complexes are
formed. It is proposed that these consist of asubsurfaceva-
cancy and a Zn atom.
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