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We have used scanning tunneling microscopy to identify individual phosphorus dopant atoms near the clean
silicon (100)-(2x 1) reconstructed surface. The charge-induced band-bending signature associated with the
dopants shows up as an enhancement in both filled and empty states. This is consistent with the appearance of
n-type dopants on compound semiconductor surfaces and passivaté6)$2 x 1), even though this clean
surface has antibonding surface bands that protrude into the gap. We observe dopants at different depths and
see a strong dependence of the signature on the magnitude of the sample voltage. The positively charged dimer
vacancies, which have been observed previously, appear as depressions in the filled states because they disrupt
the surface bands.
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I. INTRODUCTION though the antibonding states of theg1%i0)-(2x 1) surface
i protrude into the bulk band gap. The images showed
Information about the nature of defects and dopants ahositively charged defects on both and p-type material,
the (100 surface of silicon is important because it impactspyt with an absence of the filled-state signaturenstype
many areas, including surface quantum electronic devices, samples. This was attributed to additional tip-induced
shrinking conventional electronics, and processing stepband bending from the tungsten tigs4.5 eV workfunction
for device fabricatiorf. In any of these applications, knowl- and low-conductivity samples used in those experiments.
edge of the distribution and electronic nature of the defect®ownward band bending(from positive charge was
and dopants would be useful in modeling the environmenprevented during filled-state imaging because of the tip-
of, or the process that leads to, the final device. As devicemduced band bending, always present under negative sample
shrink, the local electronic environment is especially impor-pjas, that pinned the conduction-band minimum against
tant since, at very small length scales, a single charged defegie Fermi level. Consistent with this interpretation, the
can induce large electric fields and disrupt device operatiofilled-state depressions were observedpetype samples, in
through effects such as random telegraph noise. Recently, wehich the Fermi level is farther from the conduction-band
have begun to study these issues by showing that it is pogdge.
sible to observe charged defects on the cl€E00)-(2x 1) While it was straightforward to observe charged defects in
surfaces of botm-type andp-type silicon using scanning our low bias images of those samples, it was much more
tunneling microscopy(STM).>® Work by others has also difficult to observe dopants on either material, and only an-
shown charged defects and dopants on this surface aftetdotal evidence was obtained. The difficulty was primarily
it has been hydrogen terminaté® The hydrogen termina- due to a combination of the low dopant density expected for
tion moves the electronic surface states out of the band gaghose sampleg~1 in every 1000 1000-nm arepand the
Recently, the observation of boron dopants on cleanack of a signature in the filled states fioitype material. An
Si(100-(2x 1) was also reportedi Observation of dopants obvious way to increase the density is to use higher conduc-
below clean surfaces is an important result, since hydrogetivity samples, but this will cause Fermi-level pinning at
termination may not always be compatible with processingeven smaller negative sample voltages with tungsten tips
steps in a particular application. In this paper we report thesince the sample’s Fermi level will be closer to the
observation of phosphorus dopants near cleatype conduction-band edge. However, tips of higher workfunction
Si(100)-(2x 1) surfaces using STM. material will move the tip’s chemical potential closer to the
STM has been used extensively in the past on compounsample’s valence-band edge. Under low bias filled-state im-
semiconductors to identify charged vacancies and dopantging conditions, this should leave the sample bands nearly
near the surface. The mechanism is well understood anffat, potentially eliminating the pinning. In this work we
the data can be used to determine whether the featureshow that platinum/iridium tips~5.6 eV workfunction and
are positively or negatively charged, and in some casesnore conductive samples allow us to observe charged phos-
how far below the surface they are locat€dn the STM  phorus dopants below the surface of the silicon. The results
images the features are visible as long-range enhancemeraee again consistent with those from compound semiconduc-
or depressions that are caused by charge-induced bamor and hydrogen passivated(8)0)-(2x 1) surfaces. The
bending that changes the local density of staleBOS)  dopant-induced features appear as long-range enhancements
between the tip and sample Fermi levels. Our previousn both filled- and empty-state images and differing strength
work on charged defects on silicon showed results similar t@ignatures are seen, implying that they are buried at different
those observed on compound semiconductor surfaces, eveepths.
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Il. EXPERIMENT, RESULTS, AND DISCUSSION

Our experiments were carried out on clgd00)-(2x 1)
surfaces of prime grade-type silicon wafers doped with
phosphorus at a density ef5x 10'//cm?. Constant current
STM imaging was carried out at room temperature in an
ultrahigh vacuum chamber with a base pressure of 3
X 10 Torr. Sample biases were kept between
+1.2 V for charge imaging. The silicon samples were cut and
mounted using nickel-free tools and then transferred to ultra-
high vacuum without any chemical cleaning in our labora-
tory. After degassing below 600 °C for several hours, the
samples were flashed at1250 °C for 1 min, cooled rapidly
to ~950 °C, and then cooled to room temperature over a
period of 5 min. Electrochemically etched platinum/iridium
alloy tips (90/10 were used for imaging.

Figure 1 shows images of the features that we attribute to
subsurface dopants. Figure@jland Ib) are simultaneously
acquired filled- and empty-state images, respectively, of a
feature that appears as a long-range enhancement in both
biases, but without a corresponding surface defect. For com-
parison, a positively charged multidimer vacancy defect ap-
pears in the lower right-hand section of the image. As ex-
pected for these Ptir tips, the filled-state depression
associated with the positively charged surface vacancy is vis-
ible. The extent of the dopant signature is similar to that of
the charged defects, but the amplitude is somewhat weaker in
the empty states.

Figures 2a) and 2b) show another one of these features
at low (-0.6 V) and high(-1.5 V) sample bias, respectively.
The images were taken sequentially in the same area, as
seen from the other defects. In Figh®, we clearly see the
absence of a surface defect, indicating that the signature in
Fig. 2(a) arises from a subsurface feature. At low bias, the
band edges contribute strongly to the tunnel current and the
effect of band bending is visible. At high sample bias the
band-edge states contribute only very weakly to the tunne&n a S{100-(2x 1) surface. The images show a feature in the
Curr(_ant. N . center, which appears as a long-range enhancement in both biases

_ Finally, in Fig. 3 we see two of the dopant features in ap¢ which does not have an associated surface structure. The filled-
single filled-state image. The upper feature has a weaker andate image was acquired at —0.7 V sample bias and the empty

plitude than the lower one, implying that the upper dopant isstates at +1.0 V. The tunnel current for both was 130 pA and the
farther below the surface. image area is 108 100 A.

The interpretation of these features as phosphorus-dopant-

induced is based on their density, the lack of other possibl& is subject to frequent minor changes during imaging.
sources, and their appearance compared to dopamtgy@®e  \We rule out other nonphosphorus sources of the signature
compound semiconductor surfaces. The density of théased on the low impurity levels in the wafers and the
features in our images is about 1 for every 28860-nm  fact that adsorbed surface contamination, even hydrogen,
area, or roughly half of what we might expect for dopants inwould show a local topographic effect. Finally, the appear-
the first three layers of silicon doped-a6x 10'"/cn®. This  ance of the features as an enhancement in both biases is
is reasonable, given the small number of features observesbnsistent with what is observed fortype dopants on
(~40), the thermal processing steps involved in samplecompound semiconductor surfacds! For those materials,
preparationiwhich can induce diffusion and the uncertainty the negative sample bias images show an enhancement
in the doping level itself(~2x10'/cm®). We choose because the conduction band begins to become occupied as
three layers as a cutoff, because we have not seen motke positive charge bends it near the Fermi level. This
than three different dopant depths in a single image and thiextra occupied state density in the vicinity of the charge
depth corresponds roughly to the radius of the features seerontributes more strongly to the tunneling current, since
at the surface. We are wary of comparing the strengtlit is closer to the Fermi level, and produces an enhancement
of any given band-bending feature to that of a feature innstead of a depression. Based on all of these considerations
another image, even when taken with the same tip, sinceve assign these features to buried phosphorus dopants.

FIG. 1. (a) Filled- and(b) empty-state images of the same area
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FIG. 3. Filled-state images of a pair of dopants ol80)-(2
X 1). The upper feature is weaker than the lower feature, implying
that it is either farther below the surface or has a smaller charge.
The tunnel current in both cases was 110 pA, the sample bias was
-0.7 V, and the image size is 320820 A.

conduction bant? and provide filled-state density at negative
sample bias in the same way the conduction-band edges do
for compound semiconducto¥é However, for dimer vacan-
cies, which break the surface periodicity, the antibonding
surface bands cannot remain intact, resulting in less protru-
sion into the band gap, so that an equivalent amount of band
bending does not induce filled-state density at negative
sample bias.

Ill. CONCLUSION

FIG. 2. Filled-state image of a subsurface dopant acquiréa) at In summary, we have identified subsurface dopants
-0.6 and(b) 1.5 V sample bias. The dopant signature has a strongear the clear{100-(2x 1) surface ofn-type silicon using
bias dependence and is not visible at -1.5 V. There is also no togTM. The charge-induced band-bending signature associated
pggraphic surface structuge., vacancy or adsorbatassociated \yith the dopants shows up as an enhancement in both filled
with the feature. Image areas are both 22220 A and the tunnel and empty states and is consistent with the appearance of
currents were 110 pA. n-type dopants on compound semiconductor surfaces and

o _passivated $100)-(2x 1). This is consistent with other re-

The similarity of our results to those from compound semi-g,its showing that the antibonding surface bands act as an
conductors and hydrogen-terminated180) is consistent  gytension of the bulk conduction band into the gap. Dimer
with the recegt observation of boron dopants on cleanacancies at the surface appear as depressions in the filled
S|(100)-(2_>< D). ) i states because they disrupt these surface bands. This result

The difference between the filled-state signatures Otoyld not be inferred by comparison with previous com-
the positively charged dopants and positively chargegound semiconductor work, since the vacancy defects ob-

surface defects may be attributed to the disruption of theepyed for thosen-type materials are always negatively
surface states by the dimer vacancies. The buried dopanigarged.

will obviously allow the antibonding surface bands that

are derived from them-bonded dimer rows to remain

intact. These bands are partially resonant with the conduction

band, but also protrude into the bulk band gap? As This work was supported by the United States Department
such, at the surface they can act as an extension of th&f Energy under Contract No. W-7405-ENG-36.
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