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Effect of charge carriers on the barrier height for vacancy formation
on InP (110) surfaces
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We determine the energy barrier height for the formation of positively charged phosphorus
vacancies in InRL10) surfaces using the rate of formation of vacancies measured directly from
scanning tunneling microscope images. We found a barrier height in the range of 1.15-1.21 eV. The
barrier height decreases with increasing carrier concentration. These results are explained by a
charge separation during the vacancy formation process20@ American Institute of Physics.
[S0003-695(00)02027-1

Point defects affect to a large degree the electronic properystals with carrier concentrations of<80'" (Cd), 1.1
erties of semiconductors and thus their applicability in elec-x 10'® (Cd), and 810 (zZn) cm 3. The crystals were
tronic devices. The extent to which point defects can influcleaved in ultrahigh vacuum along(&10) cleavage plane to
ence the properties of a semiconductor depends, howevasxpose clean andefect freesurfaces. Scanning tunneling
not only on the electronic structure of the defects, but alsanicroscopy(STM) images reveal indeed only very few de-
very sensitively on their concentrations. Therefore, it isfects on the surfaces directly after cleavage. With increasing
highly desirable to determine the factors governing the fortime the concentration of defects increases. Figye and
mation of defects. Such knowledge would open the possibild(b) show two constant current STM images obtained 3.2
ity to predict specific conditions for the formation of a par- and 56.6 h after cleavage, respectively. We found two types
ticular defect and ultimately it may become even possible t@f defects. The bright localized contrast features arise from
design materials on the atomic level. However, this tasklopant atomsthey scale with the carrier concentraticand
turned out to be very complicated. On the one hand it is welre not of interest here. Their properties have been described
known that in case ahermal equilibriumthe concentrations in detail before® Here we focus on the dark contrast features.
of defects are controlled by theiormation energiegi.e., the ~ The dark contrast features are indicative of a positive charge
energy differences between the initial and final statem  Of the underlying defects as discussed in detail in Ref. 4. The
the other hand, undetonequilibriumconditions the concen- defects can be identified on basis of a high resolution image
trations of defects are to a large degree governed by th@btained on the same surfaldéig. 1(c)]. The contrast in the
barrier heightsfor their formation. Although most semicon- Occupied states is thaf a P monova_c_ancﬁf;r’ which is on
ductor devices are grown under kinetic rather than equilibP-doped InR110) surface single positively chargéd. we
rium conditions, little is known about the barrier heights for
the formation of defects on semiconductors surfaces. In fact
the formation of surface defects and subsequent incorpora-
tion as bulk defects have not received much attention despite
their potential influence on semiconductor devices. Up to
now most work concentrated on growth related diffusion and
incorporation barrier$? This may be partly due to the diffi-
culty to measure barrier heights for surface defect formation : e = . g
and partly due to the very large computational effort neces- a00) : 200pm .
sary to determine the exact path and the corresponding bar-
rier height.

In this letter we demonstrate the determination of the
energy barrier height for the formation of positively charged
phosphorugP) vacancies on In10 surfaces by directly
observing the vacancy formation using scanning tunneling
microscopy measurements. We identify the charge carrier
system as a factor affecting the height of the energy barrier
and quantify the effect of the Fermi energy position on the ) ]
barrer. The data indicate that a charge separation durinfjS; 1, CorentArent St mages of e cccupie states o e cleayes

vacancy formation affects the barrier height. P vacancies appearing as dark contrast features increases with(¢jme.

For the experiments we investigatpaloped InP single shows a high resolution STM image of the occupied density of states ac-
quired at—2.3 V and 0.4 nA current. Fram@) and (b) were acquired at
—3.0 and—2.2 V tunneling voltage and 0.6 and 0.4 nA current, respec-
3Electronic mail: p.ebert@fz-juelich.de tively. The sample had a carrier concentration ofx11D*® cm 3.
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% where v is the attempt frequency with which an atom at-
i tempts to leave its lattice site to form a vacanByjs the
barrier height for the formation of the vacandy,Boltz-
1.1x10"® cm™ mann’s constantN, the number of lattice siteX the rate

coefficient for the adatom-vacancy recombination process,

andN, the concentration of adatoms. The factor{&N,)

T takes into account that the presence of a charged vacancy
reduces effectively the lattice sites available for vacancy for-

mation due to a charge repulsion. In our case we concen-
trated on very low vacancy concentrations, such that

vacancy concentration (%)

ool v oy vacancy—vacancy interactions are negligible and the factor
0 20 40 60 80 100 120 can be approximated by 1. A self-consistency test showed
time (h) that our data is well within this approximation for the va-

cancy concentrations investigated. Furthermore the low con-
FIG. 2. Concentrations of P vacancies in fraction of P surface lattice sites agantration limit reduces the number of adatoms to such a
a function of time after cleavage at room temperature. Shown are the dat& h h d bi . b
sets for three InfL10) surfaces with different carrier concentrations. The egree that the a atom_vacancy recom m‘_"mon part can be
solid lines should guide the eye. neglected. Note that with these approximations @&g.de-

scribes an apparently linear dependence of the vacancy con-

) o centration as a function of time. This is, however, not the
found that only the concentration of P vacancies increases if qe since the barri@is not constant. but rather a function

STM images obtained at increasing times after cleavage. Wg; the position of the Fermi energy as deduced beldve
can exclude that the tip of the STM produces vacancieSgermi level at the surface in turn is shifted by small concen-
because we acquired the STM images with tunneling condityations of positively charged surface vacangies
tions, under which the frequency of tip-induced migration  |n order to determine the barrier heigbtfor the forma-
and formation events is negligib‘fd?urthermore, we avoided tion of the vacancy, we need to know the attempt frequency.
taking concentration values from STM images showing sur{t can be approximated by the Debye freque@g TH2°
face areas, which were repeatedly scanned by the tip. Thug by the optical phonon frequency of the [AR0 surface
the increase of the vacancy concentration with time is only2 THz).1**? For the determination of the barrier we ex-
due to the thermal formation of the vacancies at room temtracted the slope of the datdN,/dt) by fitting an exponen-
perature. tial function to the measured data. Using the slope at infi-
Figure 2 shows the quantitative vacancy concentratiomitely small vacancy concentratioft—0) and a range of
data deduced from the STM images as a function of the timd—10 THz as attempt frequency, we obtain for the highest
after cleavage for three IfP10) surfaces with different car- doped sample a range for the value of the barrier hegbit
rier concentrations. One can recognize three effétshe  1.15-1.21 eV, respectively. _
concentration of the vacancies increases for each sample For the determination of the effect of the carrier concen-
with time. (ii) The rate of formation of the vacanciésiope tration on the barrlgr height We_determlned th_e relative
of the data decreases for each data set with increasing timeS"@nges of the barrier as a function of the position of the

(i) The concentration at constant time increases with in-€rmi energy at the surface. The discussion in terms of rela-

creasing carrier concentration of the samples. Note that thtéVe changes in barrier height has the advantage that the rela-

scattering of the concentration values is due to local inhomot-lve values are not affected by the attempt frequency and thus

geneities of the dopant concentratidand thus carrier the largest source of unce_rtginty Is removeq. Thi.s aIIovys us

concentratiolf and not due to insufficient statistics to probe much sma}ller va(lat.|ons of the barrlgr helg_ht. Figure

L 3 shows the relative variations of the barrier height as a

, In order to analyze the data, we havg to consider th(?unction of the position of the Fermi energy on the surface.
different processes affecting the concentration of surface Varpee data pointgfilled squares were extracted from the

cancies:(i) The thermal formation of vacancies increasing data extrapolated to the cleavage titf@rmi energy on the
the vacancy concentratiofii) a possible diffusion of surface ¢ 1f4ce equals that in the bulnd three data point®pen

vacancies into the bulk, andi) an annihilation of vacancies  ¢jrcleg were determined for vacancy concentrations of about
by adatoms reducing both the surface vacancy concentratiog.105-0.15%. In the latter case the vacancies formed on the
The diffusion of vacancies into the bulk is negligible, be- gyrface induced a band bending at the surface shifting the
cause it only occurs at temperatures above 14DB@.tak-  hand edges relative to the Fermi energy. We calculated the
ing our data at room temperature we first keep the temperaand bending due to vacancies on basis of the data given in
ture over long times constant with high accuracy andRef. 4. The error bars given indicate the relative temperature
secondly, we avoid that diffusion into the bulk plays anyuncertainty and the error of the determination of the slope.
significant role. On basis of the mechanis(isand (ii) the  All data points suggest a linear dependence of the barrier
increase of the number of vacancies per time intervaheight for vacancy formation on the position of the Fermi

dN, /dt is® energy on the surface. The excellent agreement of the data
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40 . . . . . electron has to be shifted above the Fermi energy. In analogy
] if a charge separation occurs at the time the vacancy forma-
- tion process reaches the maximum barrier height along its
30 | reaction path, the barrier height will be a function of the
position of the Fermi energy. The observed increase of the
20l i barrier height with the Fermi energy moving toward midgap
is consistent with the direction of change expected for a posi-
tively charged defect. Thus the observed dependence of the
. barrier height can be interpreted as the signature of a charge
separation taking place at the time when the intermediate
defect configuration reached the maximum barrier height
along the reaction path.
. . . . . In conclusion, we demonstrated a methodology to deter-
0 25 50 75 100 125 mine the barrier height for the formation of defects on sur-
Fermi energy E.-E, (meV) faces using scanning tunneling microscopy. We found that
the rate of formation of positively charged P vacancies on
FIG. 3. Relative changes of the barrier height for the formation of positivelyInP(110) increases with increasing charge carrier concentra-
charged P vacancies gndoped InR110 surfaces as a function of the tion of the samples. A quantitative analysis of the data yields
position of the Fermi energy on the surface. Filled squares show the data for Lo . .
surface Fermi level positions equal to those in the Hiitkit of zero va- a barrier in the range of _1'15_1'21 eVv. The bar_”er helght
cancy concentratignand open circles show data for Fermi level positions increases when the Fermi level moves toward midgap. This
determined by the bulk and by the surface band bending induced by thfunctional dependence indicates a charge separation occur-
presence of positively charged surface P vacancies. ring simultaneously with the mechanical removal process of
the atom from its lattice site. The determination of quantita-

ing) with those shown as filled squarés band bending at  Scribe the kinetics of formation and thus predict the concen-

the surfack shows that the barrier is only affected by the trations of charged defects on semiconductor surfaces. An

position of the Fermi energy at tiairfaceand not by that in analpgous determination of barrier heights of o!efects in

the bulk crystal. semiconductor growth surfaces may help to optimize condi-

At this stage we address first the values of the barrieflons for handling or growth of device structures.

height. To our knowledge no values for the energy barrier

height for the formation of a vacancy onHLO) surface of a G

compound semiconductor has been calculated so far. We'

thus can only check the consistency of our results with the
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