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Kelvin probe force microscopy of semiconductor surface defects
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We present a comprehensive three-dimensional analysis of Kelvin probe force microscopy of semiconduc-
tors. It is shown that high-resolution electronic defect imaging is strongly affected by free carrier electrostatic
screening, and the finite size of the measuring tip. In measurements conducted under ambient conditions,
defects that are not more then 2 nanometers below the surface, and are at least 50 nanometers apart can be
imaged only if the tip-sample distance is not larger then 10 nanometers. Under ultrahigh vacuum conditions,
when the tip-sample distance can be as small as 1 nanometer, it is shown that the tip-induced band bending is
only around a few millivolts, and can be neglected for most practical purposes. Our model is compared to
ultrahigh vacuum Kelvin probe force microscopy measurements of surface steps on GaP, and it is shown that
it can be used to obtain local surface charge densities.
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[. INTRODUCTION In this work we examine the factors affecting the sensi-

The electrical properties of semiconductor materials areliVity and resolution of KPFM for semiconductors measure-
to a large degree, governed by defects and dopant atorigents both under ambient and ultrahigh vacuthiV) con-
incorporated during growth and production processes_ Unford|t|0ns. A rIgOI’OUS analySIS Of the eleCtrOStaﬂC interaction
tunately, direct experimental access to such bulk point dePetween the measuring AFM tip and the semiconductor sur-
fects is very difficult. In recent years, however, scanning tunface shows that both electrostatic screening and the tip-
neling microscopy(STM) has developed into an ideal tool averaging effect substantially decrease the KPFM sensitivity
for the investigation of individual bulk defects and dopantand resolution. However, measurements conducted under
atoms in semiconductors. However STM measurements afdHV conditions allow to image atomic size defects, and to
limited to highly doped(very conductivé semiconductors, oObtain their trapped charge concentration. Following a short
and suffer from tip-induced band bending phenomena. Thétroduction to KPFM in the next section, Secs. Il and IV
AFM based Kelvin probe force microscogitPFM) tech-  analyze the effects of screening, and of the measuring tip,
nique has already been demonstrated as a powerful tool f@&nd our model is compared to high resolution measurements
measuring electrostatic forces and electric potential distribuin Sec. V.
tion with nanometer resolution. The technique has been ap-
plied to materials science applications such as: work function
mappingt and ordering in 11I-V compound semiconductars. Il. BASIC DEFINITIONS
Kikukawa et al. have conducted surface potential measure-
ments of siliconpn junctions® and Vatelet al. have demon-
strated potential measurements of resistoend n-i-p-i
heterostructure3 KPFM has also proved to be effective in

The contact potential differend€PD) between two ma-
terials, for example, between an AFM tip and a sample, is
defined as

electrical characterization of submicron devices like high brin — Dsamol
electron mobility transistorstHEMT's),® light emitting Vepp= —“‘%p—e, (1)

diodeg and thin film solar cell§.In addition, several groups
have used the technique for two-dimensional surface dopanthere ¢, and ¢smpieare the work functions of the tip and
profiling,’ and were able to distinguish relative changes inthe sample, respectively, arglis the elementary charge.
dopant concentration with lateral resolution of less thanTherefore, if an AFM tip and a semiconductor with different
100 nm. work functions are held in close proximity to each other a
Imaging of charged dopants or other surface or subsurfacerce will develop between them, due to the potential differ-
charged features could be achieved using KPFM; however, g&nceVepp, this is schematically described in Fig. 1. When
has been proved extremely difficult especially under ambienthe two materials are not connected their local vacuum levels
conditions. Bruset al!? have reported on measurements ofare aligned but there is a difference in their Fermi levels.
the electrostatic charge and photoionization characteristics dadpon electrical connection the Fermi levels will align by
5 nm CdSe nanocrystals using electrostatic force microscopyneans of electron current, as shown in Fige)1The two
in dry air, and Sommerhaltet al* have succeeded to ob- materials(electrodesare now charged and there is a differ-
tain high resolution KPFM images of single semiconductorence in their local vacuum levels. Due to the charging of the
surface steps under ultrahigh vacuum conditions. tip and the sample, an electrostatic force develops as shown
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in Fig. i(b). This force can be nullified by applying an ex- Qss .
ternal bias between the tip and the sample. The magnitude of Fo= S_Ceffvacsm(Wt)u (4)
this bias is the contact potential difference and its sign de- 0
pends whether it is applied to the sample or to thée-dip. where Qg is the semiconductor surface chargg,is the di-

A typical KPFM measurement is conducted in the follow- electric constant, an@ is the effective capacitance of the
ing way. An AC bias at a frequenay is applied between the electrode-air/vacuum-semiconductor system. For a metallic
tip and the sample. It is shown bel&that the force com- sample wherdgis replaced byC(Vepp—Vpce), andCey by
ponent at this frequency is proportional to the CPD andC (whereC is the tip-metallic sample capacitanc&qg. (4)
therefore, can be nullified using a feedback loop whose inputeduces to Eq(3).
is the component of the electrostatic force at a frequency of
. The simplest approximation of this force is to treat the IIl. ELECTROSTATIC SCREENING
tip-sample system as a parallel plate capacitor with one plate IN SEMICONDUCTORS
being the tip apex, and the other the sample underneéth it. ] o )
Under this assumption the force which is the derivative of Electrostatic screening is a well-known phenomenon in

the electrostatic energy with respect to the tip-sample sepd¥hich charges of one type rearrange themselves around
ration, z, is given by charges of the opposite type in order to minimize the total

electrostatic energy. Thus if we want to measure a charged
defect using KPFM, the screening by the free carriers will
_ oyl 1 .4C reduce the local surface band bending resulting from the de-
F=- | =-2v22, ) : -
9z | 2 gz fect. The local surface potential resulting from a charged
defect located at different distances from the semiconductor
where the electrostatic energyis given for a parallel plate surface, i.e., the defect screening length, was calculated as
o : . 3
capacitor configuration b= 1CV2 with C the tip-sample follows. A silicon sample with a doping of 106cm2 and an
paci g9 2vV p p average band bending of 0.12 eV was used for the calcula-
capacitance, anif the potential difference between the two tions. The following Poisson equation:
capacitor plates. Using the following expression for the po-
tential differenceV=Vy.—Vcppt+VycSin(wt) whereVpc is a x4 Vo Vi) L
nullifying voltage applied in order to measure the CPD and Viv= € M| €x \V; ex \a DJ. 5)

s
inserting it in Eq.(2) gives for the force at a frequenay, . ) . _
was solved. Where: is the semiconductor dielectric con-

stant,D is the net dopant concentration, aviglis the thermal
14C voltage defined asvy=kT/qg. At the semiconductor-air/

Fo= Ea_z(VCPD_ Vo) VaSin(et). 3 vacuum interface, the following boundary condition:
: _— 6Eaomi= 0Eaiivac= Que= = s ()
Equation(3) although used by many authors is strictly cor- semi  ©0-airfvac™ “¢ss Ee— Ef )’
rect only for a metallic sample and when the tip-sample sys- 1+ex W

tem can be approximated as a parallel plate capacitor con-

figuration. Hudletet all® have presented a detailed one-was used. Wher&g.,, and E,;ac are the electric fields on
dimensional analysis of the electrostatic force between a tipoth sides of the semiconductor-air/vacuum interfageis
and a semiconductor, and have shown that the force at the air/vacuum permittivitynss is the density of surface
frequency ofw can be expressed as states, andkgs is their energy assuming acceptor like surface
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0.30 (staircasg parallel plate capacitors. Hudlet al® have pre-
sented an analytical evaluation of the electrostatic force be-
tween a conductive tip and a metallic surface, while Belaidi
et al!® have calculated the forces and estimated the resolu-
tion in a similar system. Jacolet al?® have extended the
calculations for the case of a semiconductor sample, by re-
placing its surface by a set of ideal conductors with mutual
Defect Volume (2nm)> capacitances between them. All the above analyses and many
Defect Charge -q 2nm others show that even for a very small tip-sample distance of
0184 s 5 nm the lateral resolution and the measured KPFM signal
N,=10% cur? are largely affected by the tip-averaging effect.
016 — o i e To the best of our knowledge almost all the papers that
analyze semiconductor KPFM measurements replace the
. semiconductor sample by a surface with a fixed or variable
Position (nm) potential. This is only valid for the case of a weakly inter-
acting tip-sample system, i.e., when there is no tip-induced
FIG. 2. Calculated local band bending, expressedEas-Ei)  pand-bending phenomenon. As described above a typical
for Si having a background average band bending of 0.12 volt. ThgpEM measurement is conducted by nullifying the electro-
calculation is conducted for a charged deféctal chargeq) lo- static force at a frequency @f, using an external bia¥p.c.
cated at three different distance 4, and 12 nmfrom the crystal 11,15 a calculation of the KPEM signal amounts to finding
surface. the voltage applied to the tip or to the sample/pc, that
minimizes the total electrostatic force at the frequemrcy
states'® For all the other boundaries we have used the NeuBelow we calculate the stati®C) electrostatic force; i.e., it
mann boundary conditions, i.&V,V=0 whereV, is the de-  is assumed that the AC voltage has a negligible effect on the
rivative normal to the surface. The equations were discretitip-sample forces. This is justified based on the fact that the
sized using a finite difference modehlnd then solved using frequencyw used in the measuremer(ts 300 kH2 is high
the fixed point iteration method combined with successiveand in addition the AC modulation amplitude applied to the
over relaxatiort® In this method, the difference equations tip is very low (100 mV).2:
resulting from the discretization process are solved at each The electrostatic force was calculated as follows. First the
grid point. When these equations are nonlinear, a single steglectric field, E, for the semiconductor-air/vacuum-tip sys-
Newton-Raphson scheme is used, while for the linear case@m is calculated using Eq5); assuming that the tip is a
simple successive over relaxation method is applied. perfect conductor, the electrostatic force is then calculated by

Figure 2 shows the local band bendigyirface potential  jntegrating the Maxwell stress over the entire tip surface,
calculated using the method described above for defects lo-
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cated at three different distances 2, 4, and 12 nmbelow du 1 .
the semiconductor surface. The figure shows that when a F= —d— =—2—jg |E|2d3-2. (7)
charged defect is located 2 nm below the surface the local Z | Q=const s

change in the surface band bending-i$00 mV; however if

the defect is positioned 12 nm below the surface, the Ioc_a\;\,hereU is the electrostatic energy of the systejﬁiis a tip

band b_ending at the surface is only around 5 m\/_ V‘_’hiCh 'Ssurface element, ariis a unit vector in the (perpendicular
the typical sensitivity of the KPFM measuremehiBhis im- to the semiconductor surfacirection

plies that the KPFM method is sensitive to defects which are Figure 3 shows the CPRcalculated using the method

not more than a few nanometers belqw the Semlccmducu.)ffescribed aboyebetween a tip located at different heights
surface. Even then, the average eq“[}’a'e_”gt defect densili; e the same Si sample used for the calculations presented
must be larger thar.1 IZX_ 1077)°~1x 107 cm® so thgt the in Fig. 2; here all the calculations were carried out for a
surface band bending will be larger than a few mV in Orderdefect(total chargeq) located 2 nm below the surface. The
to be measurable. figure shows the large tip averaging effect when a small
single defect is to be imaged. When the tip is in afn®
IV. THE EFFECT OF THE MEASURING TIP electrical contact, curvéd)] or 1 nm above the surface

[curve (c)], the calculated CPD is almost identical with the
band bending calculation represented by the bottom curve in

It is well known that the finite tip size in scanning probe Fig. 2; in other words, the CPD that will be measured in such
microscopies has a profound effect on the measured image.case will be unchanged by the measuring tip and thus cor-
In electrostatic force based microscopies the effect of theesponds to the real band bending. However, when the tip is
measuring tip is much larger because the measured forcésnanometers above the surface, the CPD magnitude de-
have an infinite range. Tip effects in electrostatic force andctreases by a factor of om 100 to 30 mVj, and when the
Kelvin probe microscopies were discussed and analyzed bip height increases to 30 nm the local potential change is
several authors. One of the simplest models was suggestedly around 5 mV. This implies that in ambient KPFM mea-
by Hochwitz et all” who modeled the tip by a series of surements (where a typical tip-surface distance is

A. Tip size and geometry
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We have calculated the surface induced band bending for
a tip, having a potential of 0.1 volt higher then the sample
surface (n=5X10" cm™ GaP with no charged surface
states, or zero band bendjrand located 5 nm above it; the
result is shown in Fig. 4. The figure shows that the surface
band bending, expressed @& —E;s) whereE; is the surface
Fermi level position, due to the presence of the biased tip, is
zero everywhere except for a small region in the middle
where the band bending is less than 6 mV. A similar calcu-
lation conducted for a tip-sample surface potential difference
] of 0.6 volt resulted in an induced surface band bending of
012 I — : around 38 m\22
=40 =20 0 20 a The small-induced band-bending effect can be explained
in the following way. The tip-vacuum-semiconductor system
. can be modeled as two capacitors, tip-vacuum-
Position (nm) semiconductor surface and the semiconductor space charge
region(SCR) connected in the series. Thus an external volt-
FIG. 3. Calculated local band bending, expressedfgs-Es)  age(in the present case it is the semiconductor-tip R
for Si having a charged defe(@btal chargey) located at a distance drop mainly on the smaller of the two capacitors. The SCR
of 2 nm below the crystal surface. The calculation is conducted fo'bapacitance is typically much largéexcept for very low
four different tip-sample distances of zefono electrical contact doped semiconductorghus causing the voltage to drop
(@], 1 (0), 5 (b), and 30(a) nanometers. The figure demonstrates . in|y hetween the tip and the sample surface, and hence
that under ambient conditiongtypical tip-sample distance of inducing a negligible band bending in the SCR.,It must be
~30 nm single electronic defects cannot be imaged. re-emphasized that in KPFM measurements the CPD be-

20—30 nanometers due to the amplitude of the vibrating tig"Veen the tip and the sample is nullified, so typically the

required to obtain a reasonable signal-to-noise yatioall potential differen_ce between_any point on the tip, and on the
defect imaging would be impossible. This explains Whysample surface in a close distance to it, will be even lower

KPFM images of semiconductor surfaces are typically fea—then the 0.1V usegl In calcula_\tmg the potent_lal In Fig. 4. In
tureless, with no evidence for charged surface states. summary, the dominant contribution to the tip-sample elec-

A similar approach for electrostatic force calculations wasirOStatic force is from the tip-vacuum-sample surface capaci-

applied in the past for a metallic sample where the sampléﬁ: and thi SCR capacitance cgnbbeHne%Ieci:tteldlgnHmc&?t cases.
surface potential was assumed constétowever, here we uls,lssuc q S’m azsumlg)ztéqn use yF OE weal, h N st
calculate whether the presence of the tip has any significar?tt al,”an _aco_x_a-t al”"Is correct. Furt ermore, the a ove
effect on the semiconductor surface potential, i.e., is thergonclusion simplifies tremendously the simulation of semi-

any tip-induced band bending at the semiconductor Surfac(gonductors KPFM measurements. This is because it requires

Thus, our calculation takes into account the electrostatic erz0!ving only the Laplace equation using fixgubtential in-

gfzpender)t boundary conditions at the semiconductor sur-
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ergy present when the semiconductor energy bands are n
flat due to the presence of surface states and/or due to ti ace.

induced band bending. Hudlet al1® have shown that in the

one—dimensio.nal case, t_he tip-sample system can be modeled \, ~oMPARISON WITH EXPERIMENTAL RESULTS

as two capacitors in series. Thus, when the distance between

the sample and the tip is reduced, the sample capacitance Our model is compared with measurements conducted at
cannot be neglected and it changes the force acting on tH@aP (110) surface steps using UHV-KPFM. The KPFM
tip, and the measured CPD. setup is a modified UHV-AFMOmicron Inc) operated at

FIG. 4. Calculated local band bending, ex-
pressed asEr—E;) for a GaP with no surface
states, tip-sample distance of 5 nm, and an ap-
plied bias ofV;,=0.1 V between tip and sample.
The protrusion in the center is the tip-induced
band bending at the GaP surface.
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< measurementdotted ling of the step on the cleavedGaP (110
g 424} 1 surface. The CPD was calculated for a tip height of 5 nm, and
g charge densities ofn(slslo)=(612) X 10" cm 2 and n3*P=(1.2+0.2
= X 10° ey, respectively.
% 0| -
tion for the (110) surface(excluding the stepsvas found to
be ®=4.22 eV, and 5.61 eV for tha and p type, respec-
E 2l ) tively. The work function change at the step edge\{Bge,
£ 1l ] =42 and 135 meV for ther- and p-type samples, respec-
§’ ol \ . b ) ] tively. The corresponding topography variations are 1.6 and
0 100 200 300 400 6.4 nm, respectively. The work function chan@edg,) on
(b) distance (nm) the p-GaP surface is larger because the height of the specific

step is much larger. The observation that the CPD increases
FIG. 5. (a) Topography(left) and work function(righty mea-  (decreasesat the steps on the (p) surfaces, excludes a
sured by UHV-KPFM on cleaved-GaP(top) andp-GaP(bottom)  topography induced artifact and supports our hypothetiss
(110 surfaces; for the-GaP the step runs along tfEL]] direction,  cyssed in detail belowthat these changes are due to local
whereas in thep-GaP the step runs along ti211] direction.(b)  pand bending induced by charged surface gap states located
Line scans showing the CPD increa@ep) and the topography 4t the steps.
change for ther-GaP sample. Figure 6 shows a calculation of the CR&blid line) com-
pared with the UHV-KPFM measuremetitioty of the
p=10"'° mbar that was described in detail in the pasthe  atomic step on the cleave#GaP(110) surface. The fitting
topography is measured using the conventional frequencyas carried out in the following way. First we have calcu-
modulation technique at the first cantilever resonance fremated the CPD resulting from a Gaussian potential distribu-
quency(~75 kH2); the AC voltage(100 mV in amplitud¢  tion 0.1 V high and 50 nnistandard deviationwide. The
for the detection of the contact potential differei@®D) is  results are shown in Fig. 7 for four different tip-sample dis-
tuned to the second resonance frequency of the cantilevetances. The figure shows that for a tip height of 5 nm, the
This allows a highly sensitive, simultaneous and independengalculated CPD profile is reduced by a factor of around 2.5,
detection of the electrostatic forces with a sensitivity ofand its width is increased by a factor of 2 relative to the
~5 meV and tip-sample distance of5 nm. S-doped(n  theoretical surface potential represented by the top curve.

~5X 10 cm™) and Zn-doped(p=5x10¥cm3) well-  The surface charge density at the step was extracted by fit-
defined GaR110) surfaces were obtained by cleavage insideting the measured CPD to the calculated surface potential,
the UHV chamber. assuming that the surface states induced by the steps are only

Figure Ra) shows the topographyleft) and the work at the sample surface.
function (right) of the UHV-KPFM measurement on the  These assumptions reduce the number of unkn@itn
n-(top) and p-doped (bottom) GaP (110) surface; addition- ting) parameters to two: the charge density at the atomic
ally, representative topography and CPD line profiles for thestep, and that of th€110) surface. The calculation is pre-
n-GaP are plotted inb). It is clearly seen that the work ceded by assuming two initial values for these two surface
function changes are associated with the step, exhibiting eharge densities, and then the 3D semiconductor surface po-
work function increase along the step edge. The work functential distribution is calculated using E). We then cal-
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0.10 ] average distance between the charged states at the step can
10H =:=--Theoretical T . .
1nm iy be estimatedbased on the surface line charge from the fit of
0.08] -I.Z5nm I Fig. 5 as~1/(1.2x 10° cm1)=83 A. On the other hand, it

] is knowr?? that the extension of the wave functions of elec-

5 0.06+ trons localized in deep sub-band-gap states is smaller by
2 0.04 about one order of magnitude. In addition, the trapped charge
E ) at the step can be approximated as a line of noninteracting
O 9.024 point charges in a similar way to that described by Heinrich
et al?* A simple calculation of the potential of such a charge
0.00-

distribution gives a potential in the range of 0.1 volt, which
400 200 b3 200 ! is in agreement with our KPFM measurement. If we assume
that the charge measured at the step is largely due to sub-
band-gap surface states induced by dangling b@dde to

FIG. 7. Calculated CPD for a Gaussian surface potential distri-Ga or P terminated .step edgesur results C.OrreSpond to
bution at four different tip heights above the semiconductor surfacet.rapped, charge density of aboug frer ~5O '*’#t'ce SPaC'”gs
[assuming that the measured step height in FHg) 5 ~3
culate the measured CPD in the presence of the tip and contattice spacingk It is very likely that the step reconstructs
pare the result with the measurement; this procedure ifollowing the cleavage such that only around 2%50) out
repeated, by changing both thELO) surface charge, and the of the dangling bonds remain unconstructed, charged, and
charge at the step until a good visual fit like the one shown innduce the sub-band-gap charged states.

Fig. 6 is obtained. This fit was obtained usi{ig 0) and step

charge densities ofn:'?=(6+2)x 10" cm? and nSeP VI. SUMMARY AND CONCLUSIONS

=(1.2+0.2 X 1P cm™?, respectively. The surface charge is We have presented a comprehensive three-dimensional
an areal density, whereas the step charge is a line density. have pres pre v ’ !
analysis of Kelvin probe force microscopy of semiconduc-

A similar quality fit could not be achieved using different tors. It was shown that electrical defects imaging is strongl
combinations of the two charge densities; this is because the,. ™ X 2ging trongly
ected by both the free carrier electrostatic screening and

width of the Gaussian CPD profile at the step is much mor L : . ;
he finite size of the measuring tip. In measurements con-

sensitive to the surrounding charge dengisgreening ef- : S ;
fect), while its magnitude strongly depends on the charg ducted under ambient conditions, defects which are not. more
an 2 nanometers below the surface, have an equivalent

density at the step. Moreover, these results are in good agree-

H 0, -3
ment with measured work functions of the surrounding area Bar:gﬁon?;r(‘;lstya ::t :\Lr?zbg (r:nrga,suraer(]jdon?r% thaet i I_e:;[n le
in both samples; this is explained as follows. A surface P y P P

charge density oh(slslo):(GiZ)Xm” en2 corresponds to distance is not larger than 10 nanometers. Under ultrahigh

X : vacuum conditions, when the tip-sample distance can be as
d_epletlon type band bendmg &f04 eV on both the andn small as 1 nanometer, the tip-induced band bending is less
S|de§. Such band bending will increagiecreaspthe work than a few millivolts, and can be neglected for most practical
func;Uon of then (p) su.rface§ by a total of 0.8 eV, thus re- purposes. The model is compared to ultrahigh vacuum
ducing the work function difference between theandp  kelyin probe force microscopy measurements of surface
sides t0 2.1-0.8=1.3 eV; 2.1 eV is the work function differ-

: steps on GaP, where it is shown that it can be used to obtain
ence calculated for the presemt and p-doping concentra-

. R . . local surface charge densities.
tions. This is in agreement with the measured work function

difference of 5.61-4.22=1.39 eV between fhreandn-type
material[see Fig. 1a)].

The error in the charged surface states density at the step This research was conducted within the 5th European re-
calculated using a semiclassiqakersus quantum mechani- search network Herculas, and the authors acknowledge fruit-
cal) approach is small based on the following reason. Thdul discussions with Professor M. Molotskii.

Position (nm)
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