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Direct measurement of minority carriers diffusion length using Kelvin
probe force microscopy

T. Meoded, R. Shikler, N. Fried, and Y. Rosenwaksa)

Department of Physical Electronics, Faculty of Engineering, Tel-Aviv University, Ramat-Aviv 69978, Israel

~Received 20 May 1999; accepted for publication 17 August 1999!

We report on the use of Kelvin force microscopy as a method for measuring very short minority
carrier diffusion length in semiconductors. 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
edge. The diffusion lengthL is then obtained by fitting the measured contact potential difference
using the minority carrier continuity equation. The method is applied to measurements of electron
diffusion lengths in GaP epilayers. ©1999 American Institute of Physics.
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Minority carrier diffusion length~L! is an important pa-
rameter in determining the performance of minority carr
devices such as solar cells, bipolar transistors, optical de
tors, and more. In the past many different techniques h
been used to determineL. The three most widely used meth
ods are electron-beam induced currents~EBICs!,1 surface
photovoltage~SPV!,2 and photoluminescence~PL!.3

In the EBIC method~probably the most widely use
technique! a p-n junction or a Schottky barrier is viewe
edge on. With the scanning electron microscope in a
scan mode, the electron beam scans the semiconductor
pendicular to the potential barrier and generates electr
hole pairs. The generated charge carriers then diffuse to
junction, where the electrons and holes are separated a
current is generated in the external circuit. This current,
ferred to as the EBIC current, reflects the amount of exc
carriers generated. A theoretical fit to the experimenta
measured current allows for the evaluation ofL. The main
disadvantage of the EBIC technique is that the shape of
EBIC curve depends on several factors, most importantly
the surface recombination velocity of the surface on wh
the beam impinges. Several theoretical models have b
derived to overcome this problem.4

In the SPV method, a super band-gap energy monoc
matic light of a wavelengthl illuminates the semiconductor
The intensity of the lightI is changed so the measured SP
~which is proportional to the concentration of the minor
carriers available by the surface! is constant. Under certain
assumptions2 an I vs l curve of the form I 5C@1/a(l)
1L#, whereC is a constant, is obtained. Combining theI (l)
results with the knowledge of thea~l! dependence enable
the extraction ofL. Hence the main disadvantage of the SP
technique is that it requires an accurate knowledge of
a~l! dependence of the measured semiconductor. The
technique is based on measuring the minority car
lifetime5 and calculatingL based on the measured mobili
of the sample.

a!Electronic mail: yossir@post.tau.ac.il
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Recently, near-field optical imaging6 and other spatially
resolved techniques7 have been used to measure transport
short-carrier diffusion length semiconductors. In this wo
we report on a new method for measuring very short min
ity carrier diffusion lengths in semiconductors. The meth
is based on measuring the SPV between the tip of a Ke
probe force microscope~KPFM! and the surface of a uni-
formly illuminated semiconductor junction. The photogene
ated minority carriers diffuse to the junction and change
contact potential difference~CPD! between the tip and the
sample. The diffusion lengthL is then obtained by fitting the
spatial distribution of the contact potential difference usi
the minority carrier continuity equation.

Our method is schematically described in Fig. 1. T
cleaved or cross-sectioned semiconductor junction is u
formly illuminated from the top using a laser beam (l
5488 nm) passing through an optical fiber brought to a d
tance of about 100mm from the atomic force microscope
~AFM! tip. The distance between the fiber and the sam
surface~which is a few nanometers underneath the tip in t
noncontact operation mode! is adjusted in order to create
laser spot size much larger than the measured carriers d
sion length. In the measurements reported here a spot siz
about 50mm in diameter was used. The GaP samples use

FIG. 1. Schematic diagram of the diffusion length measurement setup.
inset shows thepn junction band diagram under illumination, and the m
nority carrier diffusion to the junction.
5 © 1999 American Institute of Physics
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this study~Elma Inc.! were grown by liquid phase epitaxy
They consisted of eitherp/n1/n structures of 10–13mm
thick Zn doped GaPp>531017cm23 layer on top of a 40
mm thick n-type layer grown on a GaPn-type substrate.
Ohmic contacts were formed using evaporation of Ni/Ga/A
Ni/Au at the back of then-type layers, and Pd/Zn/Pd for th
top p-type layer.

The KPFM setup is based on a commercial AFM~Au-
toprobe CP, Park Scientific Instruments, Inc.! operating in
the noncontact mode. An alternating voltageVacsin(vt) at a
frequency of around 20 kHz was applied to the cantileve
order to induce an alternating electrostatic force between
tip and the sample. The CPD between the tip and the sam
surface was measured in the conventional way by nullify
the output signal of a lock-in amplifier which measures
electrostatic force at the frequencyv.8,9

The photogenerated minority carriers change the C
between the tip and sample by changing the surface b
bending. The induced SPV is a function of the excess min
ity carrier concentration at the surface. Therefore the S
will be the smallest at the edge of the junction~due to deple-
tion of minority carriers! and will increase with the distanc
from the junction due to the diffusion of the minority carr
ers. This is demonstrated in Fig. 2 which shows two C
images (535 mm) of a p-n junction measured in the dar
~a!, and under super-band-gap illumination~b!. It is observed
that the junction built-in voltage in~b! is greatly reduced due
to the photovoltaic effect. In addition there are two regions
~b! where the SPV increases exponentially with the dista
from the junction edges; this is due to minority carrier diff
sion to the two junction edges. The bumps in the CPD im
measured in the dark@Fig. 2~a!# are due to surface states o
the cleaved crystal surface; they are not observed in Fig.~b!
because of the change in the band bending induced by
illumination.

The calculation of the minority carriers diffusion leng
from the SPV data is as follows. The dependence of S
~defined asuCPDLight2CPDDarku at the semiconductor sur
face, y50 in Fig. 1! on Dn @the excess minority carrie
concentration at the edge of the space charge region~SCR!#
is obtained by measuring it as a function of the exciting lig
intensity I. The SPV data are then fitted to

SPV5C@ ln~11I /I 0!#, ~1!

FIG. 2. Two-dimensional CPD images of the cleaved GaPp-n junction in
the dark~a!, and under super band-gap (l5488 nm) illumination~b!. The
minority carrier diffusion on both sides of thep-n junction can be clearly
observed in~b!.
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which is the equation frequently used to relate the SPV
super band-gap illumination.10 I 0 is an arbitrary light inten-
sity used for normalization, andC is a constant needed fo
units conversion. SinceDn is linear with the exciting light
intensity (I )2, Eq. ~1! represents the dependence of SPV
Dn. Thus, the SPV can now be obtained by calculatingDn
using the minority carrier continuity equation and substit
ing it for I in Eq. ~1! above.

The steady state continuity equation for electrons in o
dimension~thex axis in Fig. 1!, assuming uniform excitation
~which is a very good assumption as long as the exciting s
size@L! can be written as

d2Dn~x!

dx2 2
Dn~x!

L2 52
g

D
, ~2!

whereD is the electrons diffusion constant andg is the gen-
eration function. Neglecting the electric field in Eq.~2! is
justified becauseDn is calculated only outside the spac
charge regions. This also holds for they direction ~perpen-
dicular to the cleaved surface, see Fig. 1! outside the surface
SCR, i.e., at a distance of about 50 nm below the clea
surface. Diffusion in they direction is neglected because Ga
absorption depth@L for the laser wavelength used in ou
measurements. The solution to Eq.~2! subjected to the
boundary conditions

dDn

dx U
x50

5
S

D
Dn~x50!;

dDn

dx U
x→`

50 ~3!

is

Dn~x!5A exp~2x/L !1gt, ~4!

wheret is the effective electron bulk recombination lifetim
andA is a function of the electron velocityS given by

A5
2S

S1D/L
gt. ~5!

By substituting Eqs.~4! and ~5! into ~1!, we obtain

SPV5C• ln$11@A exp~2x/L !1gt#/Dn0%, ~6!

FIG. 3. Experimental~solid lines!, and calculated~dashed lines! SPV pro-
files as a function of the distance from the edge of thep-n junction (x
50), for three different light intensities of:~a! 200mW, ~b! 63 mW, and~c!
20 mW at the output of the optical fiber.
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whereDn0 is a normalization factor.S is the electron veloc-
ity at the edge of thep side depletion region~at x50, see
Fig. 2!; this should not be confused with the surface reco
bination velocity at the top cleaved surface.

Figure 3 shows experimental~solid lines! and calculated
~dashed lines! SPV line scans measured under three differ
light intensities of:~a! 0.41, ~b! 1.3, and~c! 4.1 mW at the
output of the optical fiber. The coordinatex50 corresponds
to the edge of the depletion region@see Fig. 2~b!#. The high-
est light intensity is estimated to be not more than a f
mW/cm2 exciting the sample surface under the tip. This c
responds toDn,131012cm23, which means that all ou
measurements are conducted under very low injection lev
A nonlinear fit of the data to Eq.~6! with D53 cm2/s, gives
L of 0.8560.01, 2.160.02, and 260.02mm, andS of 1.7
3105, 2.53105, and 1.33105 cm/s for Figs. 3~a!, 3~b!, and
3~c!, respectively.

Two important advantages of our method are that
measured diffusion lengths are independent of the sur
recombination on the cleaved surface, and of the mino
carrier velocityS. The surface recombination will affect th
value of Dn(x) at the edge of the surface SCR@x50, Fig.
2~b!#; the larger the surface recombination, the smaller
SPV. S will change the constantA in Eq. ~5!, but not the
decay profile of the SPV, which is governed byL. In addi-
tion, carrier diffusion towards the cleaved surface will affe
the value of SPV, and thus is taken into account in our an
sis.

The fits in Fig. 3 show that:~1! The values ofL are not
very sensitive to the injection levels and~2! the value ofS
can be obtained from the measurements. The diffus
lengths are in excellent agreement with literature repor
values for GaP; these vary between 0.5 and 5mm depending
upon doping and growth methods.11 EBIC measurements
conducted on the same sample gave diffusion lengths in
range 0.5–1.5mm, for exciting electron beam energies b
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tween 5 and 30 kV.12 However these diffusion lengths ar
smaller than the electron generation volume at these e
gies, i.e., below the resolution of the EBIC technique. T
emphasizes the main advantage of the method propo
here: the ability to measure very short diffusion lengths~as
short as 100 nm!, depending on the resolution of the KPFM
measurement setup.

In conclusion, we have demonstrated a new method
measuring minority carrier diffusion lengths, based
Kelvin force microscopy. The main advantages of the p
posed method are that it can be used to measure very s
diffusion lengths, and thatL can be obtained explicitly using
a very simple analysis.
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