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Direct determination of exact charge states of surface point defects
using scanning tunneling microscopy: As vacancies on GaA410)
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We show a direct determination of the charge state of surface As vacanciesype GaA$110 using
scanning tunneling microscopy. This method utilizes the compensation between the local band bending result-
ing from the As vacancy and the-type dopant whose charge states are knawpriori. Detailed analysis
shows a one-to-one compensation between the dopant-related and As-vacancy-related features, indicating that
the As vacancy has a charge #fL. This method can be extended to determine quantitative charge states of
other point defectgpositive or negative

The subject of surface point defects has been a fruitfuthe magnitude of the LTD can vary by more than a factor of
and challenging one in condensed-matter physics and then over the bias range from 1.5 to 3.¢ Wevertheless, it
related physical sciences. Surface defects play critical rolewas possible for Pashley, Haberern, and Feelfstoainfer
in the surface kinetics of epitaxial growth, in surface electri-the magnitude of the charge state of the kink site on GaAs
cal characteristics such as Fermi-level pinning and surfacé01) by employing an effective-mass model and also by
carrier recombination, and in other areas of surface sciencéaking into account scattering from a Coulomb potential.

For many years, researchers have tried to characterize the In this paper, we show a method that allows the direct
structural and chemical nature of these surface defects ardktermination of the charge states of surface point defects
have tried to determine their electronic properties such athat requires no theoretical modeling. Using this method, we
their energy levels and quantitative charge states. Recentlyave determined that the charge state of the As vacancy on a
there has been significant progress in the identification of the-GaAs(110 surface is+ 1, in contrast to recent work based
structural and chemical nature of surface and subsurfacen a theoretical calculatichWe now outline our method.
point defects wusing scanning tunneling microscopySince an ionized acceptor dopant creates an attractive Cou-
(STM).1"2° For example, anion-antisifecation and anion lomb potential for free carrier holes and a charged As-
vacancie;® and substitutional dopant impuritfeson 111-V vacancy creates a repulsive Coulomb potential for free car-
compound surfaces and subsurfaces have been identified mger holes, the sign of the LTD will be opposite for these two
cently. In the case of the As-antisite defé¢tinneling spec-  defects. Further, we know that the magnitude of the LTD is
troscopy has been used to identify the energy level of th@roportional to the charge density. As a result, filled-state
defect. The focus of this paper is the quantitative determinaimages show ionized dopant atoms as hillocks and charged
tion of the charge states of surface point defects. arsenic vacancies as depressions. In our method, we assume

It has been well established that the sign of the chargéhat the magnitudes of the LTD’s for the dopants and the
state of a defect can be deduced from the long-range toparacancies are comparable. We believe this assumption is
graphic distortion(LTD) as measured with the STNby  valid since the measurement method in each case is identical,
LTD, we are referring to the local background in the imme-namely, the STM tip is sensing the concentration of free
diate vicinity of a defect upon which the atomic corrugationscarrier holes. Further, when an acceptor atom and an arsenic
are superimposed in the STM images; this background mayacancy are closed enough that the free-carrier density al-
be hillock or a depression, depending on the charge of thenost completely cancels out, we are left with just the struc-
defect, and typically has a lateral extent of many latticetural deviation of the missing arsenic atom. We can then
constants® For example, a negatively charged defect such asubtract this structural deviation from the LTD of the charged
oxygen onn-type GaAs(110 surfaces depletes local carrier arsenic vacancy and compare this with the LTD of the ion-
density and creates local band bending, resulting in a depre&zed dopant atom. Since the charge state of the ionized dop-
sion having a lateral extent corresponding to the screeningnt atom is known to be-1 a priori, we can then determine
length (or Debye length in empty-state images.This  the numerical value for the charge of the arsenic vacancy.
method has also been utilized to determine the sign of th&he basic principle of this method is general and can be
charge of surface anion vacancies in 1ll-V compoufis. implemented to determine the charge state of other surface
However, quantitative determination of charge states hapoint defects as well.
been very difficult without having to rely upon thedr{* We also explain how our method avoids the two difficul-
The main difficulties of utilizing the LTD to determine the ties mentioned previously. First, it is certainly true that the
magnitude of the charge state are first, that the magnitude &fTD depends on the tip bias since this will determine the
the LTD shows a strong bias dependence and second, that tparticular charge density contour followed by the tip. How-
tip electronic states are unknown in a typical STM experi-ever, in our case, we simply image both dopants and vacan-
ment. For example, in the case witype dopants in GaAs cies with the same bias, which results in a common reference
whose charge state is knovanpriori, it has been shown that level for the LTD’s. This allows us to make a direct compari-
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FIG. 1. A 300 Ax300 A filled-state image acquired at a sample I I
bias of —1.57 V and a tunneling current of 0.1 nA. Hillock features 120 A [001] [110]
correspond to “observable’p-type dopants. Representatives of \/
dopants in each layer are marked@% to D5. This image is not
corrected for thermal drift. FIG. 2. A 360 Ax360 A filled-state image acquired at a sample

bias of—2.45 V and a tunneling current of 0.1 nA. The image is not

son. Second, the tip electronic states certainly play a role iﬁorrected for thermal drift. One of the isolated As vacancies is
the STM ima,ge since the image is really a convolution of tipmarked as/; one of the isolated dopants in the first layer is marked

asD1; C1 marks the feature where the carrier depletion and carrier

and sample electronic states. But in our case we use the SarQgcumulation due to the vacancy and the dopant compensate each

tip for imaging both the d_opants and the vacarncies, therefor% her almost completelyC2 is a feature where the dopant from a
we d_o not _need_ to consider the detallet_j eIe(_:tronlc States. eeper layer is only partially compensated by the vacancy, leaving a
the tip. By imaging dopants and vacancies with the same iR, range depression with magnitude smaller than that of an iso-
at the same tip bias, we can directly compare the resultingyeq As vacancy. The feature marked Rgepresents the partial
LTD’s and determine the charge states of surface point désompensation between the surface As vacancy and the dopant in the
fects. first layer. Shown in the inset are polarity-dependent images used to
Our experiments were performed in a UHV-STM systemigentify the isolated As vacancy acquired a2.35 V (following
(base pressure 0&4.5x10 * torr) described earlief  Ref. 2.
Tungsten tips were cleaned situ using e-beam heating
and/or field emission. Bridgman-growrp-type GaAs associated hillocks, one observes many missing lattice sites
samples with Zn dopant levels of X410 cm™3 were in this image, corresponding to As vacancies such as those
cleavedin situ to expose(110 surfaces. STM images were described by Lengedt al? Identification of single As vacan-
acquired at various locations on the surface with differenties is achieved by using dual-bias images such as those in
surface As-vacancy concentrations. which the filled-state image shows a missing As-lattice site
Shown in Fig. 1 is a 300 A300 A filled-state image while the empty-state image shows the two Ga-lattice sites
acquired at a sample bias 6f1.57 V and a tunneling current next to this missing As-lattice site being raised. An example
of 0.12 nA. The image corresponds to that of the Asis shown in the inset. For an isolated As vacariope of
sublattice!® In this image with very few defects one observesthem is marked a¥), one observes a local depression in the
many hillock features that have been identified mag/pe  apparent topography as a result of local band bending. In
dopants recently by Johnsoet al.” Similar observations addition to isolated As vacancies, one more often observes
have been reported by Zheegal® for n-type dopants. De- areas where the local depression of the As vacancy and the
tailed line profile analysis across those hillocks indicates thalocal accumulation of the hillocks cancel or partially cancel
there are about five layers of dopant atoms being observedach other. We refer to this as compensation. Such a com-
similar to those described by Johnseinal.” Representatives pensation is also responsible for the smaller concentration of
of dopants in each layer are markedZsk toD5. The dopant  observable dopants in Fig. 2 when compared to those in Fig.
counting yields a surface concentration of 8 0*%cn? per 1. This compensation behavior and tngriori knowledge of
five layers, corresponding to a bulk concentration ofthe charge state of the dopant form the basis of our method
3.3x10'cn? if one assumes that the concentration is uni-for determining the quantitative charge states of the surface
formly distributed up to the surface layer. This number is inAs vacancies.
reasonable agreement with the given bulk dopant concentra- We now discuss the compensation mechanism. Following
tion. Shown in Fig. 2 is a 360 %360 A filled-state image the arguments of Johnsoet al’ and Zhengetal.® the
acquired at a sample bias ©f2.45 V and a tunneling current p-type dopant atoms on an unpinned surface can be observed
of 0.1 nA at a different location. In addition to the dopant- as the tip-induced band bending effectively creates a singly
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FIG. 4. Observed dopant concentration versus the observed va-
cancy concentratioflabeled as open circlgsThe best-fit line for
the dopant versus vacancy concentration has a negative slope of
—0.8, indicating that on the average, only 80% of the dopants are
compensated by the vacancies. This result is consistent with the
detailed analysis for Fig. 2.

above. The magnitude of the local band bending is directly
related to the magnitude of the charge.

When a positively charged As vacang@yhich repels free
carrier holeg and a negatively charged dopant atéwhich
attracts free carrier holgare very close to each oth@within
a few lattice constantsone expects to observe a form of
compensation between these two features. For example,
marked as featur€1 in Fig. 2, one sees a nearly complete
_ compensation between the local depletion and accumulation

FIG. 3. Line profiles along thg¢110] direction across various of carriers. In this case, the STM topography contains only
features of the image shown in Fig.(2) Across the isolated dopant  the structural deviation from a perfect lattice. Indeed, in the
in the first layerD1; (b) across the isolated vacan®y (c) across line profile along the 110] direction shown in Fig. &) the
the complete compensated feat@é; (d) the difference of(b)— long-range depression is absent. Since line profite 8on-

(0); (€) across the? feature;(f) the difference ofe)—(c), represent-  aing hoth the electronic and the structural effects while the
ir!g the carrier depletion and accumulation across the atomic Scalglectronic effect in line profile @) is completely compen-
dipole P. sated, the difference of the two line profilegdB= 3(b) -

3(c), represents the electronic effect due to the positively
charged state 1) on the acceptor impurities. The local charged As vacancy only. When one compares profik t®
Coulomb potential in turn attracts free carrier holes, resultinghe carrier accumulation profile near the dopant af8ta)],
in hillocks being observed in the filled-state STM image.one finds that they are exactly reversed. The integrated areas
Shown in Fig. 8a) is a line profile along th¢110] direction  below the two line profiles are 6:20.5 and 5.8 0.5 A2,
across such a dopant-related hillock featlabeled aD1 in  respectively, essentially identical within the experimental er-
Fig. 2). Describing this with a hydrogenic mode, the Bohr ror. This result indicates that the charge state of the As va-
radius of such a hillock feature is about43 A. This profile  cancy has to ber 1. If the charge state of the As vacancy
corresponds to the dopant atom located in the first sublayewas +2 or higher, the magnitude of the local depression
Hillocks due to deeper dopants have smaller integrated areaontour would have to be much greater.

Now consider an isolated arsenic vacancy. When the defect In the case where the charged vacancy and ionized dopant
density is still low, the surface Fermi leveEf) is near the atom are within one or two Bohr radii of each other, partial
valence-band maximum. In this case, the defect electronicompensation is observétharked asP in Fig. 2). The line
states associated with the As vacancy are not occupied, rerofile along thg 110] direction is also shown in Fig.(8).
sulting in a positively charged state whose magnitude is to b&ollowing a similar procedure to subtract the structural de-
determined. This positively charged state repels free carrieyiation, we obtain the resulting profile in(f3, which clearly
holes, creating a local depression in the topographic image&hows a reversal of charge accumulation to depletion. In es-
Shown in Fig. 8b) is a line profile along th§110] direction  sence, this is an atomic-scale “dipole” formed by thel
across an isolated As vacan@yarked asV in Fig. 2). This  charged As vacancy and thel charged dopant atom. The
line profile contains both the structural deviation from a per-resulting profile can be fit very well by superposition of the
fect lattice and the effect of local band bending describecaccumulation and depletion profiles shown i)3and 3a)
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with their centroids placed about 4 lattice sites apart alongoncentration is constant, this result indicates that, on the
the [110] direction. Again, this result indicates that the average, only 20% of the arsenic vacancies are isolated.

charge state of the As vacancy has totbg, in contradiction In summary, we have demonstrated a method to directly
to the recent theoretical calculation 6f2 described by Len- determine the exact charge states of surface point defects
gel et al? using STM. The method relies on the compensation between

Due to the large dopant concentration in our samples, fof’€ frée carrier accumulation and depletion stemming from
sheer statistical reasons most of the vacancies encounter ddfi¢ 1onized dopants and surface point defects. Since the
ant atoms nearly. Some of them compensate the dopants GRa"9¢€ States Og the |on|zed_0(|jopants are kpown, su%r;_a cohm—
\ : . pensation mechanism provides a means for quantifying the
:;r:)en:”:;;zzr;gcgnﬁézﬁlrjilflrgr%gagre];Oer?se soljépeg; harge states of the surface point defects. By utilizing this
P P P y cedure, we have determined that the charge state of an

fe_ature marked a€2 in the image. In the image shown in isolated As vacancy op-type GaA$110) is + 1. The prin-

Fig. 2, only 4 out of 22 vacancies do not compensate dopani§yie pehind this method is rather general and can be ex-
at all. We further perform dopant and vacancy counting OVejengeq to determine the quantitative charge states of other
a large number of images acquired on the same sampleé SWytace noint defects. For example, quantification of nega-

fgce, and we find a large variation in the vacancy c_oncentraﬁvew charged point defects can be achieved by using an
tion. The result of the observed dopant concentration VeI’SUﬁ_type sample
] .

the observed vacancy concentration is shown in Fig.
(shown as open circlgsEach data point is obtained from an  This work was partly supported by the National Science
area of at least 400 2400 A. The best-fit line for the dopant Foundation, Grant No. DMR-94-02938 and the Science and
concentration versus the vacancy concentration yields @echnology Center Program of the National Science Foun-
slope of —0.8. If one assumes that the underlying dopantdation, Grant No. CHE8920120.
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