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Ph. Ebert, M. Heinrich, M. Simon, C. Domke, and K. Urban
Institut fir Festkaperforschung, Forschungszentrumlidh GmbH, D-52425 Jiich, Germany

C. K. Shih
University of Texas, Austin, Texas 78712

M. B. Webb and M. G. Lagally
University of Wisconsin, Madison, Wisconsin 53706
(Received 21 August 1995

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(14B 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 consistingulifsarfacevacancy and a Zn atom are formed.

I. INTRODUCTION surfaces ideal for investigations @folated defects. To our
knowledge, most previous studies focused isolated de-

The achievement of high carrier concentrations in com{fects. Only recently has the charge of As vacancies on
pound semiconductor crystals and multilayers is crucial folGaA9110 been deduced from an observation of the com-
technological applications. Suitable smooth as well as abrugiensation of the charge of vacancies by dop&titéus dop-
changes of the concentration of electrically active dopantsints and native defects, such as vacancies, may interact. Fur-
over atomic distances determine the electrical properties adhermore, it has been demonstrated that the vacancy
semiconductor devices. For example, multilayer structuresoncentration on In10 and GaA$110 surfaces can be
consisting ofé-doping profiles yield a particularly high mo- reproducibly changed over more than one order of magni-
bility of charge carriers for high-speed applications. Such aude by suitable annealifg.Thus these systems offer ideal
spatial confinement of charge carriers in atomic structuressonditions to explore thénteractions between defectsd
however, is to a large degree governed by the propertieshe formation of defect complexes the atomic scale.
energetiCS, and thermodynamiCS of the dOpantS and related In th|s paper we present an extensive investigation Of Zn-
defect-dopant complexes. For example, a charge repulsion {fppant atoms and thermally formed Zn-vacancy defect com-
&-doped GaAs multilayefsor the formation of compensating plexes in InP110) surfaces. We explore the concentration

defect-dopant complexésan considerably reduce the con- 44 structure of isolated dopant atoms and vacancy-dopant

centration of electrically active dopant atoms and thus "m'tcomplexes as a function of the vacancy concentration, the
possmle apphcatlon_s. Similarly, the charg_e-carrler Corlcer'traémnealing time of the samples, and the temperature. We will
tion on the surface is, on the one hand, increased by Surfa(fScus on the following results i’n detail

and near-surface dopant atoms and, on the other hand, may" . . . .
be reduced by compensating for native point defects formeg (i) The structure and electronic properties of isolated Zn-
opant atoms on InR10).

on the surface, as we will show in this paper. .. . . .
bap (ii) The interaction between vacancies and Zn-dopant at-

Scanning tunneling microscog®TM) is particularly well e :
suited for investigations of near-surface dopant atoms an@M$: resulting in the formation of vacancy-Zn complexes

their defect complexes, because STM makes it possible 8nNd dipoles with a gradual charge compensation.

identify individual atomic defects and explore their proper- (i) At low temperatures this formation of vacancy-Zn
ties. In particular, 11I-V semiconductor surfaces with10)  dipoles and complexes is the origin of a decrease of the
orientation have a simple relaxation, and can be reproduciblgoncentration of negatively charged Zn dopants. The actual
obtained by cleavage lending themselves well to model studeoncentration of observable Zn atoms in the surface layers
ies of defects, such as antisite defectmcancie$® and remains, however, constant with time. Only defect com-
dopant atom$- Unlike thermally cleaned 8301 surfaces, plexes with a vacancy in the surface layer are formed.

the cleaved 11I-110 surfaces have a very low density of  (iv) Finally, the concentration of observable Zn atoms de-
defectge.g., for our InP110) surfaces the vacancy density is creases drastically with time at 480 K. It is suggested that
2x 10" cm™2 directly after cleavag@], which makes these vacancy-Zn complexes are formed in the bulk.
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FIG. 1. Overview of the defects occurring on [AR0) surfaces. The images have been obtained with a STM after cleaving and annealing
the surface for 5 min at 480 K. In the ¥F5-nnf overview image(a), measured at a sample voltage-62.4 V, three different types of
defects are visible. These are phosphorus vacarmeskedV) 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 markédnvi@®ne cleavage-induced
vacancy cluster is also present in the upper left corner. Unlike the monovacancies the vacancy clusters are not thermallly) f&éd.

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 #s)imThe scan width is 2825 nnt (sample voltage-2.2 V).

Il. EXPERIMENT are surrounding isolated positively charged phosphorus
monovacancies, whose structure has previously been ana-
lyzed in detail elsewher®The white elevationgmarked
Zn) are due to isolated negatively charged,,Ztopant at-
oms. We will discuss their properties in this section. The
third type of defects appears as one missing dangling bond
(marked V/Zn) adjacent to a bright dangling bond. These

o  defects are defect complexes consisting of a vacancy and an
peratures between 293 and 480 K at a pressurexdfb adjacent Zn dopant atom. A discussion of these complexes

Pa. The heating was performed for some fitneefore the and of the interaction between dopants and vacancies is pre-

samples were radiation cooled to room temperature withi . .
typically 30 min. The sample was then transferred to th&ented in Sec. IV. The three types of defects visible in Fig. 1

beetle-type STMRe. 15 without breaking the vacuum, and account for almost all defects on the surface. In addition we

) i K . X bserved a few adatortfsand, rarely, defects which might be
investigated. The STM images were obtained in the ConstangSSOCiated with  subsurface va{:ancies Some gleavage-
current mode. After each investigation with STM, the. §

X r|Té1_duced vacancy clusters were also present, but their density
perature to determine the time evolution of the defect con. neghglble.compared to that of the three defect types dis-

) " cussed in this paper.
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 A. Discussion of the nature of the defect¢marked Zn)

melting points of In alloys soldered on the uncleaved sample. \ve mentioned above that defects appearing as wide el-
The temperature uncertainty is estimated to#i0 K. We  eyations are Zg dopant atoms. Their nature has been previ-
used electrochemically etched tungsten tips conditiomed qysly discussed for similar defects on G&&k) surfaces.®
situ by field emission. 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
Figure Xa) is a typical large-scale STM overview of the the defects can be observed directly after cleavage, and their
INP(110 surface showing several defects. Three types of dedensity does not increase with time.
fects can be distinguished by their contrast. The first defect (ii) Crystal impurities other than dopant atoms have a
type appears as apparent elevatiomarked Zn, while the  maximum density below # cm 3. The defects observed
second defect is surrounded by apparent black depressiohsre have densities of abo(—3 %10 cm 3, hence they
(V). A few defects are more difficult to see, since they arecannot be impurities.
neither surrounded by elevations nor depressiOh&n). (iii) Phosphorus vacancies can also be ruled out, because
They are only recognizable as an atomically localized holethey have a different appearance and structure, and are not
In Fig. 1(b) these three different types of defects are showrexpected to be negatively charge piype surfaces. Further-
at a higher magnification. The dark depressiamarkedV) more the anion vacancies are formed thermally with a strong

The experiments were performed with liquid-
encapsulated CzochralskLEC)-grown p-type InP single
crystals, which had Zn concentrations of nominally
(1.3-2.2x10* cm31* The samples were cleaved ifitra-
high vacuunto form reproducibly cleafil10) surfaces. After
cleavage, the InP crystals were anneagdituto fixed tem-

lll. STRUCTURE OF ISOLATED DOPANT ATOMS
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FIG. 2. Zn-dopant atoms of
typea in the first(a), typeb in the
secondb), 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
¢) in [110] and [001] directions

through the respective defects vis-
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temperature dependent®e’ unlike the defects observed as GaAg110) surfaces. These observations will lead to the
bright elevations. The anion vacancies have been describawnclusion that STM probes Zn-dopant atoms in several sub-
previously for InR110),° GaR110,* and GaA§110) (Refs. 5  surface layers. Furthermore, the measurements show that the
and 18 surfaces, and appear in Fig. 1 as black depressiongn atoms are in fact on substitutional In lattice sites.

(iv) Indium vacancies essentially do not occur on our Figure 2 shows three different Zn-dopant atoms obtained
p-type samples>*’In addition, they would not be expected at —1.1 V tunneling voltage. All three defects have91)
to be negatively charged. The few missing In atoms observeghirror plane(indicated by two arrows in each imagdhe
were always touching vacancy clusters. Furthermore, catiop,irror plane is either localized between the atomic rows

vacancies seem to exist preferentially in notable concentraébng the[001] direction[Figs. 2a) and c)] or on top of

tions onn-doped surfaces. ; . . .
. the atomic rows[Fig. 2(b)]. The locations of the mirror
(v) Adatoms can be observed occasionally on the166) planes relative to the atomic rows are also visible in the

17 |
surfaces:"’ They are, however, uncharged, and are very lo respective height profileg-ig. 2(d)] in the [110] direction.

calized features without the large charge-induced bands "= N .
; . he line cuts labeled, b, andc in Fig. 2(d) [obtained from
bending area surrounding them. Furthermore they are ver e Zn-dopant atoms imaged in FigsaR 2(b), and c),

mobile, unlike the defects observed here. Thus they are n . .
identical to the defects studied here. respectively show the corrugation through the center of the

(vi) Antisite defects P cannot explain our observations defect along the atomic rows marked by .the dashed lines.
either, because they are expected to be uncharged or podif€® Symmetry shows up in an equal raising of two atoms
tively charged orp-doped surfaces. They were investigated(@.C) or only one atom ). Thus the center of the defect is
on GaA$110),2 and showed a distinctly different contrast. In located either in between or underneath the atomic rows in
addition, the Ip antisite defect cannot explain our defects the[001] direction. _ = _
either, because our material investigated was slightly phos- [N contrast, there is no mirror plane with(&10) orienta-
phorus rich. In such a material Jrantisite defects do not ton. The atoms on one side of the defects’ maximum appear

occur in sufficient concentrations to explain the density ofPrighter than those on the other side. This is clearly visible in
defects. the height profiles along thi@01] direction in Fig. Ze). In
The only type of defect which can be correlated with thethe height profilesa andc the first and second atoms to the
negatively charged defects observed are Zn-dopant atomi§ft side of the maximuntatoms at—1 and—2 lattice spac-
They are expected to be negatively charged, because they 4f§)S are more raised than the respective atoms on the right
shallow acceptors of electrons. In addition, the observed deside (+1 and+2 lattice spacings This is just reversed for
fect concentration agrees with the dopant concentration dfrofile b. Thus the centers of defects and c are shifted
the crystals. On GaA&10) it has been shown that the den- toward the[001] direction, while that of defedt is displaced
sity of these defects follows exactly the concentrationin the[001] direction relative to the atomic rows in th&10]
changes of superlattice¥ and doping profile$ All this sug- ~ direction. .
gests that the defects marked Zn in Fig. 1 are indeed zn- Finally Figs. 2d) and Ze) show that the magnitude of

dopant atoms. More evidence will appear during the detaile@PParent height changes of the underlying P sublattice de-
analysis of the data. creases from defea to defectc. At the specific sample

voltage of Fig. 2(—1.1 V) the highest elevation relative to
the defect-free P sublattice of defeasb, andc reaches
about 0.09, 0.06, and 0.04 nm, respectively.

The STM images of the Zn-dopant atoms reveal several This apparent rise is also strongly dependent on the tun-
different symmetries and apparent height changes of the suneling voltage, but the relative order of magnitude of the
rounding P sublattice similar to Be and Zn dopants onheight change does not change. Defactlways appears

B. Appearance of isolated Zn-dopant atoms on InPL10)
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FIG. 4. Height profiles through a Zn-dopant atom of typén
the first layey at different voltages. The profiles were measured
along the[110] direction.

negatively charged dopants. This accumulation induces an
upward band bending which is visible in the STM
images’®? The voltage dependence of this charge accumu-
FIG. 3. Voltage dependence of the contrast of Zn-dopant atom#ation in the STM images is typical of charged defects and
of type a (in the surface layer(al—-a3), typeb (second layer has been previously observed and discussed for P and As
(b1-b3), and typec (c1—c3) (third subsurface laygrThe white-  vacancie$!’ and dopant atoms'®*In order to understand
to-black corrugation change is about 0.9 nm for imag8)( and the voltage-dependent contrast, it is necessary to take both
the values of the gray scale are comparable for all images. Ththe charge accumulation around the Zn-dopant atoms and the
figures labeled with an additional 1, 2, and 3 have been measured @ip-induced band bending into account. Each Zn is sur-
—2.4,-15, and—1.1V, respectively, with the exception ofX),  rounded by a cloud of holes which screen the negative
which has been measured &fl.8 V. The images have the same charge. The negative sample voltage induces an additional
orientation as those in Figs. 1 and 2. accumulation of electrons, creating a downward band bend-

more raised than defett or c. It should be noted that the N9 This tip-induced band bending follows the tip and thus
brightest defect has always tli&10) mirror plane between affects the surface S|m|larly at all locations. The charge cloud
two [001] rows (two atoms are equally raisgd around the dopant atom is, however, localized and subse-
The voltage dependence of the Zn-dopant atoms is sunfiuently leaves an elevation in the STM images. The relative
marized in F|g 3. All images in F|g 3 have been measurediurrent extracted from the additional states available for tun-
and treated in exactly the same way, such that the values #€ling due to the charge-induced upward band bending
the gray scale are comparable. The figure sets latmléd  changes with the voltage. At larger negative voltages more
and c are the dopant atoms of Figs(ag 2(b), and Zc),  states contribute to the tunneling current, and thus the rela-
respectively. The figures labeled with an additional 1, 2, andive effect of the Zn-induced upward band bending de-
3 have been measured aR.4, —1.5, and—1.1 V, respec- creases. This is reflected in the STM images, which show a
tively. The figure labeledl was measured at1.8 V, be- decrease of the brightness of the dopant atoms with increas-
cause at higher negative voltages the defect was not visiblégng absolute value of the voltag€igs. 3 and %
The brightest Zn atom is in the upper right corner, while in - The largest band bending of the Zn-dopant atom is ex-
the lower left corner nearly no visible elevation remains.pected to occur directly at the site of the Zn atom itself. Thus
Figure 4 shows the effect of the voltage on the height profileghe center of the elevation visible in STM images should
of the brightest Zn-dopant atom, which is situated in the firsteyeal the lateral position of the charge and thus of the Zn
layer, as will be discussed below. _ atom itself. In addition, the symmetry and brightness reflects
The charge of the dopant atoms is screened with a screéefhe depth of the zn atom. The defects in Fig. 2 have the
ing length of about 1.2 nm. It has been deduced using thgenter of the band bending located either between two
procedure previously applied to defects on(Bef. 20 and  atomic rows in thg001] direction, slightly displaced in the
vacancies on Ill-V semiconductofs?* This procedure is [001] direction, or on top of 4001]-oriented row and dis-
based on the assumption that the charge-induced band berjgaced in the001] direction. These locations alternate with
ing yields a height change proportional to the screening facgecreasing magnitude of the apparent elevation of the de-
tor exp(—r/Ry). The value of the screening length is in good fects, This can be directly correlated with different surface
agreement with the screening length determined for the Bnd subsurface positions of the Zn atom. First we consider
vacancies on the same surféte. substitutionally incorporated Znatoms. Figures &) 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
The apparent elevations surrounding every Zn-dopanhas two nearest-neighbor P atoms in the surface, which are
atom are due to a charge-carrier accumulation around thexpected to be equally bright in the STM images. These two

C. Structural model of the different Zn-dopant atoms
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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 (hFO have many
similarities to those observed on GaAs0) surfaces.® 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 substitutegon radius 0.083 nma larger In

ion (0.092 nm in InP, and a smaller Ga io(0.062 nm in
[110] GaAs. Thus the contrast visible in STM images is only in-
duced by the charge accumulation around the negative
charge. Be dopant atorhi GaAs show the same features.
For a Sg, donor in the GaAd10 surface layer, a well-
localized charge has been predictédhis gives a specific
signature to the Si donors, which has not been observed for
FIG. 5. Schematic explanation of the symmetry of the substi-tN€ Zn or Be accgpto?§ The acceptors have no localized
state in the STM images.

% In atoms O P atoms

. Zn atoms 3
(0o1) [110]

tional Zn,, atoms in different subsurface layers.

atoms are located along trﬁef)] rows. In addition, the P IV. VACANCY-DOPANT COMPLEXES AND DIPOLES

atoms in thegl001] direction are always a little bit closer to
the Zn atom, and thus should be raised higher than those in
the[001] direction. This is due to the fact that the Zn atom is ] .

In Sec. Ill we studied only isolated Zn-dopant atoms.

displaced byza in the [001] direction. This situation de- ) et
scribed here is that observed for defadn F|g 2. quevel’, .If the vacancy concentration .|n.Crea..SGS, the prOb'
In contrast, the Zn atom in the second layer has only onjlb'“ty _Of finding a close va_lcan_cy-Zn pair is raised, and_ de-
closest-neighbor P atom in the surface layer. Furthermor ECtS like th?jt labeled//Zn in Fig. 1 ((:jan kl;e obhservek:j_ Vr\]"th
the Zn atom is also displaced By, but in the (opposite Increasing density. Figures (@ and @b) show high-
[001] direction compared to the Zn atom in the surface layer.resolutlpn |mages.o_f two different types of such defects. For
Since the 7n is located further awav from the surface th comparison a positively charged vacancy far away from any
: ' u way u 'n dopant is displayed in Fig.(6). The defects in Figs.(6)
) i , '%hd Gb) are not surrounded by any height changssvation
in STM images is smaller compared to that of a Zn atom iny; gepressionlike those around dopants and vacancies. Thus
the surface Ia?yer.. This configuration is reflected by the Z”‘they do not induce a band bending and are uncharged over-
dopant atom in Fig. @). _ all. They always consist of one localized hole of the size of
Finally, the Zn in the third layer again has the same symypne phosphorus dangling bond, and one or two apparently
metry as that in the surface layer. It induces only a smallefajsed dangling bonds. Figure$dp-6(f) show a series of
band bending on the surface because of its larger depth. Theicancies at different distances from Zn-dopant atoms. Zn-
dopant atom in Fig. @) belongs to this subsurface layer.  vacancy pairs with a large separation do not change each
Up to now we have only considered substitutional,Zn others’ appearance and properties. However, as the separa-
atoms. Zp on P lattice sites can be excluded, since Zn istion is reduced, both the vacancy and the Zn have a less
known to be either on In or interstitial sites. Furthermore thepronounced band bendifigompare the two dopant atoms in
symmetry/brightness relation does not agree with P latticéig. 6(d)]. Finally, if the Zn is a direct neighbor of the va-
sites. Zn on interstitial sites can also be excluded, because itancy, defect complexes like those in Fige)@and b) are
is expected to be positively charged in IfRef. 24 and formed. Figures @)—6(f) are still separate defects and thus
would also have a different symmetry behavior. In addition,atomic scale dipoles.
it is conceivable that Zn on near-surface interstitial sites will  The origin of the defects can be confirmed by analyzing
relax after cleavage onto the surface, and probably evaporatke height profiles through theiiFig. 7).2* The profiles are
due to the low vapor pressure. comparable, since they were obtained with the same tip state,
Thus it can be concluded that substitutionally incorpo-set current, and tunneling voltage. Profilesand b show
rated Zn-dopant atoms can be observed and distinguished height changes induced by an isolated negatively charged
three different subsurface layers. In fact the dopant atomZn-dopant atom and an isolated positively charged phos-
can be observed depending on the quality of the tip up to siphorus vacancy. As discussed above, the height change of the
layers deep(about one screening length deefhe broad- Zn atom is mostly due to the charge accumulation around the
band bending in our samples makes it difficult, however, tonegatively charged ion. If the two profilesandb are added
observe the symmetries of dopants in such deep layers relfa without the atomic corrugation in order to add only the

A. Structure and appearance of vacancy-dopant complexes
and dipoles
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height change induced by the charge accumulatidine

depletion zone around the vacancy is compensated by the O+
accumulation zone around the Zn and the resulting profile 0 3 6 9 1215 18 21 24 27
should only show the structural relaxations of the vacancy lattice spacings in [1710] direction

(profile ¢). For comparison a profiled) has been obtained

for a vacancy dopant complex like that displayed in Fig.

6(a). It matches well with the calculated profile)( suggest- FIG. 7. Height profiles throughicurve a) a negatively Zn-
ing that the defect in Fig.(@) is in fact a(partially) charge-  dopant atom(curveb) a positively charged P vacandgurvec) the
compensated Zn-vacancy defect complex. If the dopant atorf#™m ofa andb showing the structural relaxation of the vacancy,
is displaced relative to the vacancy by seven lattice spacing§urved) a charge-compensated vacaridgfect complex (curve

in the [110] direction, the sum of profiles and b yields © the sum ofa andb offset by seven lattice spacings, afuiirve
profile e. The latter can be compared with a measured profild ) the profile of a dipole consisting of a vacancy and a Zn atom

. - . . d by seven lattice spacings. All linecuts have been mea-
of the vacancy-Zn dipole in Fig.(é) (profile f ). Again the separated by i pacing i
agree well. Ityshouldpbe notedg t(hz';lt(pprofilesa)ndg are no); sured with the same tip at2.1 V and 0.8 nA. The profiles were

. ) I he1l irecti | h i
completely charge compensated, since the Zn-dopant atom ﬁ%‘jvzfured along th§110] direction (along the apparent atomic

in a subsurface layer.

The defect complexes in Figs(& and @b) are nearly  Profile f in Fig. 7 is a composite of both the charge accumu-
completely compensated. However, the voltage dependendgtion and depletion and the structural relaxation around the
in Fig. 8 reveals that there is still a very small charge accuvacancy(including the missing dangling bondThe latter
mulation and depletion at the site of the Zn and the vacancyan be estimated from profilesandd in Fig. 7, which just
respectively. For example, if the magnitude of the voltageshow the structural properties of the vacan@yith no
decreases, the neighboring dangling ishih Figs. 8c) and  chargg. Thus subtracting the structural properties of the va-
8(f) both appear brighter, while the dangling bonds on thecancy(profile d) from the dipole profilef yields in sufficient
other side of the vacancy appear darker. Thus even the defegpproximation the height change induced by the charge-
complexes are still atomic scale dipoles. This effect is smaltarrier accumulation and depletidRig. 9].
and only observable at very low negative tunneling voltages, Figure 9 shows that the vacancy-Zn combination is in fact
but it allows us to deduce the most likely location of the Zna dipole. For comparison the respective height changes in-
atom relative to the vacancy: the Zn atom in Fig&®)88(c)  duced by the charge-carrier clouds of the isolated Zn and
is localized in the second layer, as indicated by its mirrorvacancy have been included in Fig. 9. Both isolated defects
symmetry on top of §001] row. Furthermore it has its maxi- have a larger height chandg@é magnitude and extensipn
mum in the neighborinf110] row compared to the vacancy. than the respective areas of the dipole. This indicates that the
The Zn atom in Figs. @)—8(f) is a nearest neighbor of the zn and vacancy charges are indeed partly compensated. The
vacancy in the[110] direction. We observed Zn on all In degree of compensation can be estimated by comparing the
sites around the vacancies with roughly the same frequencintegral 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

The charge compensation of vacancies and Zn-dopant afjives a rough estimate of the charge compensation. For the
oms can be analyzed better after the subtraction of all struczalculation of the real charge accumulation it is necessary to
tural contributions to the STM images. We will demonstratetake into account that the charge cloud is noncylindrical and
this for the dipole in Fig. &) using the profiles of Fig. 7. three dimensional.

B. Charge compensation of dipoles and the vacancy charge
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FIG. 10. Relative surface area in Fig. 9 of the dipole for differ-

. _._ent vacancy-Zn separations. The data can be understood with a
FIG. 8. Voltage. dependence of the defect complexes in F'gsgradual compensation of the charge accumulation and depletion
6(a) and @b). The images were measured (@ —3.3, (b) —2.1,

(©) —1.4.(d) —3.3. () ~2.0, and(f) —1.5 V. zones around the vacancies.
plexes are energetically unfavorable. However, an attractive

Figure 10 shows the estimations of the degree of charggteraction can result in a considerable increase of the con-
compensation as a function of the separation of theentration of defect complexes, since the defect complex
vacancy-Zn pairs. It indicates a gradual charge compensatiaflay be energetically more favorable than single defects. In-
with decreasing separation. This gradual change suggesfsrmation about an attractive or repulsive interaction can be
that the vacancy and the Zn can completely compensate eaglgduced from the occurrence of pairs as a function of their
other if they reach the same lattice site. This agrees with theeparation. If this pair distribution function is divided by that
observation of no-long-range charge screening or band ben@f randomly distributed noninteracting pairs, the pair-
ing around the Zn-vacancy defect complexes. Thus the totaorrelation function is obtained.Figure 11 shows the pair-
charge of the complexes is 0. Only a dipole field is left. If correlation function of vacancy-zn pairs as a function of the
one assumes that a near-surface Zn-dopant atom has a chafggr separationprojected on the surfaceThe correlation
of —1e as in the bulk® the vacancy must have @le  function shows a strong increase for distances shorter than
charge. This result agrees with an independent previoughout 1.5 nm, indicating an attractive interaction. The fact
charge determination of the vacancies on(Iii®),® and  that the vacancies and dopants have opposite charges makes
with a similar compensation that has been observed for Agn attraction conceivable.

vacancies on GaA$10." It should be noted that the determination of the pair dis-
tribution function for noninteracting pairs is difficult because
C. Interactions between dopants and vacancies of the low number of pairs observed at greater distafdes

Defects can interact with each other. If this interaction ist© the attraction Therefore we calculated the theoretical pair

repulsive, the defects try to avoid each other and defect confj—iStribUtion_ function using the measured vacancy ".ind dopant
concentrations. We assumed that dopants in the first three or

four subsurface layers may attract surface vacancies. This

0.1 results in the pair-correlation function in Fig. 11. If the Zn
/”\\ - atoms in the deeper subsurface layer also influence the va-
0.05 — e cancies, the hole correlation function may be shifted slightly
. . downward(logarithmic scalg but the strong increase below
£ 0 A 1 nm separation is not affected.
f/ \'\"’\‘\/ acangy-Zn dipole
<
2 .05 D. Concentration of electrically active dopants:
) - y p
- 1 \_\\ 7 v Influence of vacancies
-0.1 \* Figure 12 shows two images obtained after annealing the
samples at 480 K for 5 and 1100 min. Two features can be
-0.15 e observed: the concentration of vacancies increases and the
0 3, 6 9_ 12_ 15 18 _21 2_4 27 concentration of negatively charged Zn-dopant atoms de-
lattice spacings in [110] direction creases. In Fig. 13) eight Zn, can be observed, while in

Fig. 12b) only one is left. We purposely chose a STM image
with an observable dopant atom for Fig.(&Rin order to
FIG. 9. Height change due to the charge accumulation andlemonstrate that the reduction is not due to imaging condi-
depletion of a vacancy, a vacancy-Zn dipole, and a Zn dopant. Thtions of the tip, allowing no observation of dopants. For most
data have been obtained from the lined@s (b), and(f) in Fig. 7. images no dopant atoms were found at all.
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FIG. 11. Pair-correlation function between vacancies and Zn
atoms as a function of their projected separation on the surface.

FIG. 13. Concentration of the electrically active Zn dopants
At low temperature$293 and 415 Kthe decrease of the (zn,,"), of the uncharged Zn-vacancy defect complexes and elec-
charged dopant atoms is proportional to the vacancy concefrically active Zn dopant$[Ve/Zn,,]°+2Zn,,”) (total observable zn
tration (Fig. 13. At the same time the concentration of Zn- concentratioh and of the vacancies and electrically active Zn dop-
vacancy complexes increases, also proportionally to the vants(Vp,.+Zn;,”) as a function of the vacancy concentration. The
cancy concentration. The sum of the observable isolatedata have been obtained on samples annealed at 293 and 415 K.
charged Zn atoms and the defect complexes, however, re-
mains constant with the vacancy concentration and ¢
13. . . . . time. Essentially no isolated surface Zn atom was observed
This observation (_)f the decrease of gl_ectrlca_lly active Zro; higher vacancy concentrations.
atoms can be explained by the probability of finding a va- |, Fig. 13 the slope of the ZyT concentration as a func-
cancy close to a dopant atom. If the vacancy concentratlo[}o

) X - ~tlon of the vacancy density is-0.1. This value shows that
increases, the complexes formed must increase proportion- .
o about 10% of the vacancies are compensatehbgompen-
ally, and the remaining charged Zn atoms become fewer. AS : .
te a Zn atom. If there were no interaction between the

long as no vacancy leaves the surface plane and no Zn ato , .
0
desorbs or migrates, the total concentration of Zn is thus th acancies and dopant atoms this value shou_ld be apout .EM’
r a complete compensation by Zn atoms in the first six

sum of the densities of defect complexes and charged Z

atoms. The total concentration of Zn should remain constangtPsurface layergusing the measured concentrajioithe
as observed. This interpretation also implies that alobserved higher compensation rate also corroborates the ex-

vacancy-Zn complexes formed have their vacancy in the sufstence of an attractive interaction between the vacancies and

face layer, while the Zn atom may be in some subsurfacéopant atoms.

layers. Thus on the surface the average dipoles have their The sum of the vacancy concentration and charged Zn
positive charge on the surface, while the negative charge is goncentration in Fig. 13 is not constant. This situation is
or below the surface. unlike that in a previous study on GaAs with samples having

It should be noted that most charged Zn atoms visible a& ten-times-higher Zn-dopant concentrattdrilhere about

high vacancy concentration are Zn atoms several subsurfa@d% of the vacancies are compensated. The higher Zn con-
layers deep in the crystal. They have a smaller attraction onentration is the reason for this different behavior: at high-Zn
surface vacancies and thus remain isolated for the longesbncentrations nearly every vacancy has a Zn atom close

FIG. 12. Reduction of the concentration of
negatively charged dopant atoms with increasing
vacancy concentratiorfa) has been measured af-
ter 5 min and(b) after about 1100-min annealing
at 480 K. In the lower right corner @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.
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FIG. 14. Concentration of the total observable Zn concentration . 15 Concentration of the wn [VP,an]o and
(IVe/Zn,1°+2n,,7) as a function of the time at 293 and 415 K. [Ve/Zn,,1°+2Zn,,~ as a function of time at 480 K.

enough to compensate each other. Thus as the vacancy con- )
centration increases the Zn concentration decreases neaffjind that STM does not necessarily allow us to measure the
equally. 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 mechanism@) Formation
of compensating defect complexes in subsurface |ayeth
A. Decrease of the observable Zn atoms in the surface immobile Zn. (ii) Real depletion of the Zn concentration in
at high temperatures the surface by Zn diffusion.
In the following we will present arguments leading to the

V. TEMPERATURE AND TIME DEPENDENCE
OF THE DOPANT CONCENTRATION

Up to now we have only studied the concentration of lusion that th t 7n deoletion is due to the f
charged dopant atoms and defect complexes as a function gpnclusion that the apparent £n depletion IS due 1o the tor-

the vacancy concentration. However, the vacancy concentr _a;tlop of unlcharged subsarfaced defecl; cc()jmgleﬁe_s. I sucbh
tion is not an independent variable, since the formation o elect compléxes are uncharged, no band bending can be
vacancies is governed by the annealiime and tempera- observed on the surface. Since we can only observe subsur-
ture. Thus the real independent variables are time and ten1f-aceh Zn zra]tomsddueb to :helrdcr}argt]e—mdulcedthban? bengmgli
perature. The statistical analysis performed in Sec. IV D haga(;: unl;: arge thsu sursce fe ebc corE||:) e; uts orme W',f
been done for low temperature in the range of 293—-415 K. e u;e i’ one the number %'IO ?ervad € tn atoms, evten !
this range the total concentration of observable Zn atoms e Zn atoms remain immobiié. in order to compensate a
the surface layergsum of the charged Zn and uncharged QOpant atom in the bulk, & 1e charged bulk defect must be
vacancy-Zn complexgsemains unchanged with the heating introduced into the subsurface layers. If the defect has an-
time (Fig. 14), allowing us to perform the previous analysis. other charge', the complex .W.'” not pg completely compen-
We would like to mention that the doping concentrations inS2€d: and will have a remaining positive or negative charge.

Fig. 14 vary slightly between the two samples because o'ln the latter case we would detect it on the surface. However,
inhomogeneities of the Zn concentration in the wafer déed. we did not observe positive subsurface charges in the neces-

The relative differences in Zn concentration on one sampl§&Y _concentration(negative charges would have been
can, however, be reliably measured with STM. counted as one dopant atonThus the defect complexes

In contrast to the measurements at low temperature%:USt be unchargedsimilarly to those on the surfa);eand

(<415 K) the observable Zn concentration in the surface is u:\tt?rs de{ect introduced ir:(thi btull:dg isf (ijha}rg?d.
decreasing with time by a factor of about 2 after 2500 min of IS stage oné can ask what Kind ol detect can com-

annealing at 480 K. As for low temperatures, the density opensate th? dopants. This compensating dgfect mustlipe
negatively charged Zn atoms decreases, but the increase arged. Simultaneously one should take into account that a

the concentration of defect complex@gith a vacancy in the previous study of the thermal formation of vacancies re-

surface layer does not compensate for the loss of charged’ealed that the vacancy fo_rmation rate incr_eases up to_435 K.
isolated Zn atoms 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-

There are several possible mechanisms which can lowaress remained undetect&dput this may nevertheless give
the observable Zn concentration at higher temperatis®s some indication of which defects can compensate the Zn
Fig. 15. For the following discussion it should be kept in dopants.

B. Discussion of possible mechanisms
reducing the observable Zn concentration
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The outdiffusion of phosphorus can occur via two atomicaway from it or at a place without Zn atomd hus the posi-
processes, the interstitial diffusion of P to the surface and th&ve vacancies may be attracted a few layers into the surface
migration of vacancies into the bullsubstitutional diffu- and form immobile complexes.
sion). In our case this would result {i%/Zn;,] and[Ve/Zny,] A real surface depletion of Zn can be excluded, since it is
defect complexes, respectively. We now use theoretical calell known that the diffusion of substitutionally incorporated
culations to find out which of these defect complexes can bgn atoms occurs only at very high temperatures. For ex-
uncharged. A charge of 3e is predicted for the interstitial arr31§>Ie, in GaAs and InP this seems to start at about 1000

38
anions inp-type InP** GaAs?’ and GaP’ while a charge of Our measurements, however, were performed below

+1e is predicted for an anion vacancy in the respective480 K. If, nevertheless, such an outdiffusion of Zn were to

anion-rich materialé*2"-3In addition, the As vacancy in occur, this mechanism should be even faster at even higher

the GaAs bulk was found to be a simple doRfoThis sug- temperatures. However, at 575 K we again observed a nor-

gests that only the formation of subsurface phosphorusr-nal surface concentration of Zn. At this high temperature the

vacancy—zn-dobant atom complexes can exolain the d concentration of vacancies is very low. This reduces the
y?th bp ble 7 P trat E P let robability of vacancy-Zn complexes and again confirms that
crease of the observable Zn concentration. For COMpIEleNEgg a complexes play a role in the decrease of the observ-

we can also exclude other defects, such as antisites, In intefy|o 7n concentration. A surface depletion due to Zn migra-

stitials, or In vacancies, as the compensating defect, becauggp, into the crystal can also be excluded, because the diffu-

they do not have a single positive chaf§&hey could only  sjon would increase the concentration gradient. Furthermore

act as compensation if they compensated several close 4Re solubility of Zn on substitutional lattice sites in InP is

atoms simultaneously. This, however, appears unlikely at ouimited and lower than in GaAs. Since our crystals are al-

dopant concentration. ready relatively highly doped, Zn migration into the crystal
This explanation does not exclude, however, that interstiis implausible.

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 VI. SUMMARY

may destroy all vacancy-Zn complexes formed by filling the .
vacancies and thus making the Zn atoms observable. It could Wwe p_resented a comprehensive study of Zn-dopant atoms
d their surface and subsurface defect complexes on InP

also be that at this temperature the vacancies are sufficient( 10). Electrically active Zn atoms in different subsurface

mobile to leave the Zn atoms and diffuse freely into the : Y activ . .
crystal. At the present stage this matter cannot be resolvedl.ayers can be dlst!ngwshed by their symmetry and effectlve_
For the formation of subsurface vacancy-Zn complexesCharge accumulation on the surface. These isolated electri-
ally active Zn atoms can be compensated by vacancies

the vacancies need a certain mobility. The vacancies ha . X . :
orming defect complexes with atomic scale dipoles. The

enough mobility to migrate on the surface, but migration intof rmation of vacancy-zn complexes has been investioated
the subsurface layers requires a higher enésgyilar to that ormation of vacancy-2nh complexes has been investigated as
a function of the vacancy density, annealing time, and tem-

for diffusion in the bulk. Radioactive tracer experiments on : .
bulk InP yielded an activation energy for bulk diffusion of perature. It is found that the observable Zn concentration

5.65 eV?® This would exclude substitutional P from playing féMains constant in a low-temperature rarige to 415 K

any role in the temperature range investigated in our experigu: d?creas?s at 480 K.' 'tfhls 'St lexpltamed b)f[ the f;;rgtlon of
ments. However, the results in the literature are elect complexes consisting at low temperatures ce

contradictory’* since results of emission channefifgnd vacancy and a subsurface or surface Zn atom, while at higher

electron paramagnetic resonance experiniémsisggest that tempe(;atltjr_es uncha:jg?r:j tsttrj]bsurface 'dtezgf;) cofmplexes are
vacancies may be mobile at 400 K. Even if the vacancieéorme - 1L 1S proposed that these consis surtaceva-

cannot yet migrate at those temperatures in the bulk, thergancy and a Zn atom.

are two reasons why they may nevertheless migrate toward

the_ subsurfa(_:e Zn atoms_: First, it is conceivable that the dif- ACKNOWLEDGMENTS
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