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Measuring minority-carrier diffusion length using a Kelvin probe force microscope
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A method based on Kelvin probe force microscopy for measuring minority-carrier diffusion length in
semiconductors is described. The method is based on measuring the surface photovoltage between the tip of an
atomic force microscope and the surface of an illuminated semiconductor junction. The photogenerated carriers
diffuse to the junction and change the contact potential difference between the tip and the sample, as a function
of the distance from the junction. The diffusion lendthis then obtained by fitting the measured contact
potential difference using the minority-carrier continuity equation. The method was applied to measurements
of electron diffusion length in Gapn and Schottky junctions. The measured diffusion length was found to be
~2 pm, in good agreement with electron beam induced current measurements.

[. INTRODUCTION nique is that the shape of the EBIC curve depends on several
additional factors apart frorh, most importantly on the sur-
Scanning probe microscopy has opened new opportunitiefece recombination velocitySRV) of the surface on which
to image semiconductor surfaces with unprecedented spatitiie beam impinges. Several theoretical models have been
resolution. Perhaps the most widely used scanning probe irderived to overcome this probletf.
strument is the atomic force microsco@&~M), which pro- In the SPV method, a super-band-gap energy monochro-
vides direct surface topographic images, as well as informamatic light of a wavelength illuminates the semiconductor.
tion on other tip/sample forces like friction, magnetic, andThe intensity of the light is changed in order to keep the
electrostatic. The Kelvin probe force microscolfPFM)  measured photovoltagevhich is proportional to the concen-
technique has already been demonstrated as a powerful toghtion of the minority carriers available by the surfacen-
for measuring electrostatic forces and electric potential disstant. Under certain assumptidhan| versus\ curve of the
tribution with nanometer resolution. Due to its promise of fgrm | =C[1/a(N\) +L] (whereC is a constantis obtained.
high-spatial resolution surface potential measurements, th@ombining thel (\) results with the knowledge of the(\)
KPFM has found many diverse applications in recent yearsgependence enables the extractiom oflence, the main dis-
The technique has been applied to materials science applicggvantage of the SPV technique is that it requires an accurate

tions such as work-function mappihgnd ordering in Ill-V' knowledge of thea(\) dependence of the measured semi-
compound semiconductofsKikukawa, Hosaka, and Imura conductor. The PL technique is based on measuring the

have conducted surface potential measurements of SHEON minority-carrier lifetime’® and calculatingl based on the
junctions; and Vatel and co-workers have demonstrated pomeasured mobility of the sample. Recently, near-field scan-

tential measurements of resistrs,and n-i-pi ning optical microscopy has been used to measurgith
heterostructures KPFM has also proved to be effective in high resolution"**°

electrical characterization of submicron devices such as h|gh In this work we present a method for measuring minority_

electron m0b|||ty tranSiStO?Sand ||ght emlttlng diOdeg.ln carrier diffusion |ength using KPEM. It is based on measur-
addition, several groups have used the technique for twong the surface photovoltage between the tip of an atomic
dimensional surface dopant profilifigind were able to dis- force microscope and the surface of an illuminated semicon-
tinguish relative changes in dopant concentration with lateragjyctor junction. The photogenerated carriers diffuse to the
resolution of less than 100 nm. junction and change the contact potential difference between
The study of carrier transport and diffusion in semicon-the tip and the sample, as a function of the distance from the
ductors is a mature subject. The three most widely useglinction. The diffusion length. is then obtained by fitting
methods for measuring diffusion lengths are electron-beanthe measured contact potential difference using the minority-
induced current¢EBIC),” surface photovoltagéSPV),'>and  carrier continuity equation. The method is applied to mea-

photoluminescencéPL).** In the EBIC method @-n junc-  surements of electron and hole diffusion lengths in GaP ep-
tion or a Schottky barrier is viewed edge on. With the scanjjayers.

ning electron microscope in a line scan mode, the electron
beam scans the semiconductor perpendicular to the potential
barrier and generates electron-hole pairs. The generated
charge carriers then diffuse to the junction, where the elec-
trons and holes are separated and a current is generated in theThe KPFM setup is based on a commercial AFAuto-
external circuit. This current, referred to as the EBIC currentprobe CP, Park Scientific Instruments, Ingperating in non-
reflects the amount of excess carriers generated. A theorettontact mode. For topographic imaging, the cantilever,
cal fit to the experimentally measured current allows for theheavily doped silicon with sharpened tiR<20 nm), was
evaluation ofL. The main disadvantage of the EBIC tech- driven by a piezoelectric bimorph at a frequer(typically
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FIG. 1. Schematic diagram of the diffusion length measurement setup. The inset sh@mguhetion band diagram under illumination,
and the minority-carrier diffusion to the junction.

80-100 kHz slightly above resonance. An alternating volt- in a specially designed holder for the diffusion length mea-
ageV,sin(wt) at a frequency of around 20 kHz was applied surements. The cleaved or cross-sectioned semiconductor
to the cantilever in order to induce an electrostatic force bejunction is uniformly illuminated from the top using a laser
tween the tip and the sample. The contact potential differbeam @ =488 nm passing through an optical fiber brought
ence(CPD) between the tip and the sample surface was meato a distance of about 100m from the AFM tip. The dis-
sured in the conventional way by nullifying the output signaltance between the fiber and the sample surfadgch is a
of a lock-in amplifier that measures the electrostatic force afew nanometers underneath the tip in the noncontact opera-
the frequencyw.! tion mode is adjusted in order to create a laser spot size
The GaP samples used in this stu@ima Inc) were  much larger than the measured carrier diffusion length. In the
grown by liquid-phase epitaxy. They consisted of eithermeasurements reported here a spot size of aboyiradn
p/n*/n or n/p*/p structures of a 10—13:m-thick Zn-  diameter was used.
doped GaP g=5x10Y cm %) layer on top of a Figure 2 shows two CPD images X% um) of a pn
40-um-thick n-type layer grown on a GaR-type substrate. junction measured in the dafkig. 2(a)], and under super-
Ohmic contacts were formed using evaporation of Ni/Ga/Auband-gap illumination[Fig. 2(b)]. It is observed that the
Ni/Au for the n-type layers, and Pd/Zn/Pd for thetype junction built-in voltage in Fig. @) is greatly reduced due to
layers. the photovoltaic effect. In addition there are two regions in
The method for measuringis schematically described in Fig. 2(b) where the SPV changes exponentially with the dis-
Fig. 1. The GaP samples were cleaved in air and then placddnce from the junction edges; this is due to minority-carrier

Electron Diffusion

{2 wm
X=0
R —

Hole Diffusion
(a) (b)

FIG. 2. Two-dimensional CPD images of the cleaved GmR junction in the dark(a), and under super-band-gap €488 nm
illumination (b). The minority-carrier diffusion on both sides of tpen junction can be clearly observed (h).
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FIG. 3. Surface photovoltage measured under different light in- Distance (um)
tensities; each symbol represents measurements conducted at a dif-
ferent position on the cleaved surface, i.e., at a different distancgp
from the edge of then depletion region(in the range of 0.5-3
pum).

FIG. 4. Experimenta(solid lineg, and calculateddashed lines
V profiles as a function of the distance from the edge ofpthe
junction (x=0), for three different light intensities @f) 0.41, (b)
1.3, and(c) 4.1 uW at the output of the optical fiber. The theoret-
ical fits based on Eq(6) gave electron diffusion lengths of 0.85
diffusion to the two junction edges. The bumps in the CPD+0.01, 2.10.02, and 2-0.02 um for (a), (b), and(c), respec-
image measured in the ddkig. 2(a)] may be due to surface tively.

states on the cleaved crystal surface.

justifies the use of Eql) at all distances from the junction.
Il ANALYSIS ﬁqunz%nlg)ear fit to this data gives the value of the const@nt
The analysis of the results is based on the transport of the The steady-state continuity equation for electrons in one
photogenerated minority carriers. The carriers change thdimension(thex axis in Fig. 2, assuming uniform excitation
CPD between the tip and sample by changing the surfacevhich is a very good assumption as long as the exciting spot
band bending. The induced SRWefined here a$CPDyy,  Siz€>L) can be written as
— CPDyyl) is a function of the excess minority-carrier con- 5
centration. Therefore, the SPV will be the smallest at the d"Ansce(X) ANscrX) 9 @)

edge of the junctioridue to a depletion of the minority car- dx? Lﬁ Dy’
riers) and will increase with the distance from the junction.
The resulting SPV profile is dictated by the minority-carrier
diffusion.

whereD,, is the electron diffusion constant agds the gen-
eration function. The electric field is neglected in Eg)

The calculation of the minority-carrier diffusion length Eggarlfé%Eg_csrﬁscgﬁglitgg: ?cl))r/ tor)uetjilgeittiz%%gg(r:gggd?fﬂe
from the SPV data is as follows. The dependence of SPV ofy; i the cleaved surface, see Fig, Which means that our
Anscg [the excess minority-carrier concentration at the edggg|culation is valid only outside the SCR, i.e., at a distance of
of the cleaved surface space charge regi®CR), i.e.,  apout 50 nm below the cleaved surface. Diffusion in yhe
An(x,y=w) wherew is the width of the cleaved surface direction is neglected because the GaP absorption depth is
SCR] is obtained by measuring the SPV as a function of thgq ~20 xm)sL,, for the laser wavelength used in our mea-

exciting light intensityl. The SPV is then fitted to surements. The solution to E@®) subjected to the boundary
conditions
SPV=C[In(1+1/14)]. (1)
° dAngcr S dAngc

. o dx |x=0"pANscHXx=0), dx ﬁ =0
This equation is frequently used to relate the SPV to super- X0

band-gap illumination intensit}. |, is an arbitrary light in-

tensity used for normalization, ar@@lis a constant needed for 'S

gnits_conve_rsion.mSincanSCR is linear with the exciting Ansc(X)=A exp(—x/L) + g, (4)
light intensity (), Eq. (1) represents the dependence of ) ) S

ure 3 shows the SPV measured under different light intensiandA is a function of the electron velocity at the edge of the
ties; each symbol set represents measurements conducted djunction S given by
different position on the cleaved surface, i.e., at a different _s
distance_from the edge of thpn depletion regionX=0 Fig. A= mgT_ (5)
2). The figure shows that the dependence of SP\AoRcR

does not change with the distance from ghrejunction; this By substituting Eqs(4) and(5) in Eq. (1), we obtain
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velocity, at the junction edgeS The surface recombination

of the cleaved surface will affect the value dhgcg(X); the

larger the surface recombination, the smaller is the SPV.

will change the value of the constafvin Eq. (5), but not the

decay profile ofS(x), which is governed by.. In addition,

the fits in Fig. 4 show thata) the values ofL are not very

sensitive to the carrier injection level®) the value ofS can

be obtained from the measurements, &B8dthe diffusion

lengths are in excellent agreement with literature reported

values for GaP; these vary between 0.5x8 depending

upon doping and growth methodfs.

. Figure 5 shows the results of EBIC measurements con-

00 05 10 15 20 25 30 35 ducted on the same sample for electron beam energies of 30
Beam Position [um] (@), and 10 keV(h), respectively. The solid liens are quanti-

tative fits based on an exponential decay of the EBIC pro-

FIG. 5. EBIC profiles measured on tpeside of the junction at files, which resulted in diffusion lengths of 1.5 and 04th

two electron beam energies @ 30 and(b) 10 keV, respectively.  ¢,, (a) and (b), respectively. In general, the shapes of the

The solid lines are qualitative fits based on an exponential decay QéBIC curves depend on many factrdlost importantly
the EBIC profiles. They resulted in diffusion lengths of 1.5 and 0.44

i they are greatly influenced by the volume in which the ex-
pm for (3) and (b), respectively. cess carriers are generated volume of radiusR) and the
recombination velocity of the surface on which the beam

SPMx)=Cin{1+[Aexp(—x/L)+g7l/Ano},  (6)  jmpinges(SRV). If it assumed that the electric field outside
whereAn, is a normalization factor. the SCR is negligible, the transport of the generated minority
carriers is purely diffusive. Under this condition, anddf
=0, the EBIC will decrease exponentially with increasing
distance x from the junction as I(x,y)=1(0)exp
Figure 4 shows experimentéolid lineg and calculated  (—x/L)|,_ . Wherey is the axis perpendicular to the surface
(dashed lingsSPV line scans measured under three differents in Fig. 1. The effect oR is significant when its value
light intensities of(a) 0.41, (b) 1.3, and(c) 4.1 uW at the  pecomes comparable to the valueLofThis is the case in our
output of the optical fiber. The coordinate=0 corresponds measurements whefis calculated to be 6.6 and 1.Q6m
to the edge of the depletion region, see Fig) 2The highest  for the beam energies of 30 and 10 keV, respectively. For
light intensity is estimated to be not more than a fewelectron beam energies of less than 10 keV, the EBIC was
wW/en? exciting the sample surface under the tip. This cor-too small to obtain a reasonable signal-to-noise ratio. In sum-
responds taAn<1x 10" cm™2, which means that all our mary, it is demonstrated that for diffusion lengths in the

measurements are conducted under very low injection levelgange of<2 um the proposed KPFM method is advanta-
A nonlinear fit of the data to Eq6) with D=3 cn¥/s, gives geous relative to EBIC.

anlL of 0.85+0.01, 2.1-0.02, and 2-0.02 um, and anS
of 1.7x 10, 2.5x1C°, and 1.% 10° cm/s for(a), (b), and o
(c), respectively. B. Measurements at GaPnetal junctions

Two advantages of this method are that the measured dif- Figure 6 shows two CPD images (22 um) of a
fusion lengths are independent of the surface recombinatiometalp-type GaP junction measured in the d@fkg. 6(a)],
velocity on the cleaved surface, and of the minority carrierand under super-band-gap illuminatififig. 6(b)]. It is ob-

(a)

current [uA]

A. Measurements on GaPpn junctions

Electron Diffusion
-

FIG. 6. Two-dimensional CPD of the cleaved GaP/metal junction in the @rland under super-band-gap =488 nn) illumination
(b). The minority-carrier diffusion can be clearly observedtim
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FIG. 7. Surface photovoltage measured under different light in- . o )
tensities; each line represents measurements conducted at a differ- F1C- 8- Experimentafsolid lines, and calculateddashed lines
ent position on the cleaved surface, i.e., at a different distance from" ¥ _Profiles as a function of the distance from the edge of the

the edge of thep-type GaP/metal junctiofiin the range of 3—10 junction (x=0), for three different light intensities df) 1.6, (b)
um). 0.9, and(c) 0.71 uW at the output of the optical fiber. The theoret-

ical fits based on Eq(6) gave electron diffusion lengths of 1.77
di0.0Z, 1.66-0.02, and 1.820.02 um for (a), (b), and(c), re-

served that the junction built-in voltage is greatly reduce :
spectively.

due to the photovoltaic effect, but in addition there is an
exponential region in the SPV image on the semiconductor
side of the junction due to the carrier diffusion as in e in semiconductors. The method is based on measuring the
junction. The sharp and big potential increase observed at treurface photovoltage between the tip of an atomic force mi-
position x>12 um is due to the metal barrier. Figure 7 croscope and the surface of an illuminated semiconductor
shows the SPV measured under different light intensitiesjunction. It was shown that the KPFM proposed method
each symbol set represents measurements conducted at a diéuld be very useful in measuring very short diffusion
ferent position on the cleaved surface, i.e., at a different distengths &2 um). The EBIC method is impractical for
tance from the edge of the mefalfype GaP junctionlx  such cases, because of the volume in which the excess car-
=0 in Fig. 6b)]. Again it is observed that the dependence ofriers are generated. The resolution of the KPFM technique
SPV on the excess carrier concentration is independent of thesn be below 50 nm, depending mainly on the shape of the
distancex from the edge of the-type GaP/metal junction; AFM tip used in the measurements. This sets the lowest limit
this justifies the use of Eq(1) for the SPV fitting at all  for diffusion length measurements using this method. In
distances from the junction. practice, this lower limit may be much largéy a factor of
Figure 8 shows experimentéolid lineg and calculated 3 or more depending on the photovoltage response of the
(dashed linesSPV line scans measured under three differenneasured sample.
light intensities of(a) 1.6, (b) 0.9, and(c) 0.71 uW at the The main disadvantage of the KPFM method is the lower
output of the optical fiber. The coordinate=0 corresponds  sensitivity for narrow or medium band-gap semiconductors
to the edge of the-type semiconductor depletion region, see(<1 eV). This is because the SPV of a semiconductor is
Fig. 6b). The largest light intensity is estimated to be notexponential with the band-gap enertfyHowever, since the
more than a few.W /cn exciting the sample surface under technological importance of wide band-gap semiconductors
the tip. This corresponds tn<1x10" cm 3, which  has increased in recent yedesd in most cases their diffu-
means that all our measurements are conducted under vegion lengths are very shorwe believe that the KPFM
low injection levels. A nonlinear fit of the data to E6)  method proposed here might prove to be very important.
with D=3 cn?/s, gives anL of 1.77+0.02, 1.660.02,
and 1.87-0.02 um, and anS of 4.5x10%, 4.2x10%, and

3.9x 10 pm/s for (a), (b), and(c), respectively. Thes<_a re- ACKNOWLEDGMENTS
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