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Direct measurement of minority carriers diffusion length using Kelvin
probe force microscopy
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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 length 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. @999 American Institute of Physics.
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Minority carrier diffusion length(L) is an important pa- Recently, near-field optical imagifi@nd other spatially
rameter in determining the performance of minority carrierresolved techniquésave been used to measure transport in
devices such as solar cells, bipolar transistors, optical deteshort-carrier diffusion length semiconductors. In this work
tors, and more. In the past many different techniques havee report on a new method for measuring very short minor-
been used to determinie The three most widely used meth- ity carrier diffusion lengths in semiconductors. The method
ods are electron-beam induced currefEBICs),' surface is based on measuring the SPV between the tip of a Kelvin
photovoltage(SPV),2 and photoluminescend®L).® probe force microscopéKPFM) and the surface of a uni-

In the EBIC method(probably the most widely used formly illuminated semiconductor junction. The photogener-
technique a p-n junction or a Schottky barrier is viewed ated minority carriers diffuse to the junction and change the
edge on. With the scanning electron microscope in a linéontact potential differenceCPD) between the tip and the
scan mode, the electron beam scans the semiconductor pSAmple. The diffusion length is then obtained by fitting the
pendicular to the potential barrier and generates electronSPatial distribution of the contact potential difference using
hole pairs. The generated charge carriers then diffuse to tH§€ minority carrier continuity equation.
junction, where the electrons and holes are separated and a OUr method is schematically described in Fig. 1. The
current is generated in the external circuit. This current, reS1€aved or cross-sectioned semiconductor junction is uni-
ferred to as the EBIC current, reflects the amount of exces@'Mly illuminated from the top using a laser beam (

carriers generated. A theoretical fit to the experimentally” 88 NM) passing through an optical fiber brought to a dis-

measured current allows for the evaluationLofThe main tance of about 10Qum from the atomic force microscope

disadvantage of the EBIC technique is that the shape of th@FM) tip. The distance between the fiber and the sample

) surface(which is a few nanometers underneath the tip in the
EBIC curve depends on several factors, most importantly on . ) . :
noncontact operation mogé adjusted in order to create a

the surface recombination velocity of the surface on whici‘\ . . .
L . aser spot size much larger than the measured carriers diffu-
the beam impinges. Several theoretical models have been

derived to overcome this problefn Sion length. I.n the measurements reported here a spot size' of
) about 50um in diameter was used. The GaP samples used in
In the SPV method, a super band-gap energy monochro-
matic light of a wavelength illuminates the semiconductor. T
The intensity of the light is changed so the measured SPV \ ]
—

To KPFM
Electronics

(which is proportional to the concentration of the minority

carriers available by the surfgcis constant. Under certain Joopm
assumptiorsan | vs A curve of the forml=C[1/a()\) / { 2 Y
+L], whereC is a constant, is obtained. Combining tifa) e 1}’ 1}’
results with the knowledge of the(\) dependence enables Optical Fiber Depletion

the extraction oL.. Hence the main disadvantage of the SPV e,
technique is that it requires an accurate knowledge of th

a(\) dependence of the measured semiconductor. The P ly—;
technique is based on measuring the minority carriel /
lifetime® and calculating- based on the measured mobility p-type

of the sample.

n-type

FIG. 1. Schematic diagram of the diffusion length measurement setup. The
inset shows then junction band diagram under illumination, and the mi-
dElectronic mail: yossir@post.tau.ac.il nority carrier diffusion to the junction.
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FIG. 2. Two-dimensional CPD images of the cleaved @a® junction in 0'4-_ 7
the dark(a), and under super band-gap=488 nm) illumination(b). The —— e
minority carrier diffusion on both sides of then junction can be clearly 0.0 05 1.0 1.5 2.0 25 3.0
observed inb). Distance (pm)

. . . FIG. 3. Experimenta(solid lineg, and calculateddashed linesSPV pro-
this StUdy(Elma Inc) were grown by liquid phase epitaXy. fies as a function of the distance from the edge of ghe junction (x
They consisted of eithep/n*/n structures of 10—13um =0), for three different light intensities ofa) 200 uW, (b) 63 uW, and(c)

thick Zn doped GaR=5x10""cm* layer on top of a 40 20 uW at the output of the optical fiber.
um thick n-type layer grown on a GaP-type substrate.
Ohmic contacts were formed using evaporation of Ni/Ga/Auiwhich is the equation frequently used to relate the SPV to
Ni/Au at the back of thea-type layers, and Pd/Zn/Pd for the super band-gap illuminatiol?.1, is an arbitrary light inten-
top p-type layer. sity used for normalization, an@ is a constant needed for
The KPFM setup is based on a commercial ARMU-  units conversion. Sincan is linear with the exciting light
toprobe CP, Park Scientific Instruments, )noperating in intensity ()2, Eq. (1) represents the dependence of SPV on
the noncontact mode. An alternating voltaggsin(wt) at a  An. Thus, the SPV can now be obtained by calculatig
frequency of around 20 kHz was applied to the cantilever irusing the minority carrier continuity equation and substitut-
order to induce an alternating electrostatic force between thigg it for | in Eq. (1) above.
tip and the sample. The CPD between the tip and the sample The steady state continuity equation for electrons in one
surface was measured in the conventional way by nullifyingdimension(the x axis in Fig. 2, assuming uniform excitation
the output signal of a lock-in amplifier which measures the(which is a very good assumption as long as the exciting spot
electrostatic force at the frequeney®® size>L) can be written as
The photogenerated minority carriers change the CPD )
between the tip and sample by changing the surface band d An(x)_ An(x) __9 )
bending. The induced SPV is a function of the excess minor- dx® L D’

ity carrier concentration at the surface. Therefore the SP\thereD is the electrons diffusion constant agds the gen-
will be the smallest at the edge of the juncti@ue to deple- o a4i0n function. Neglecting the electric field in E@) is

tion of minority carrier$ and will increase with the distance justified becauseAn is calculated only outside the space

from the junction due to the diffusion of the minority carri- 5146 regions. This also holds for telirection (perpen-
ers. This is demonstrated in Fig. 2 which shows two CPDgicyiar to the cleaved surface, see Figoltside the surface
images (5¢5 um) of ap-n junction measured in the dark gcR je  at a distance of about 50 nm below the cleaved

(a), and under super-band-gap illuminatitm. Itis observed g tace Diffusion in the direction is neglected because GaP
that the junction built-in voltage ifb) is greatly reduced due absorption deptfs>L for the laser wavelength used in our

to the photovoltaic effect. In addition there are two regions inmeasurements. The solution to E®) subjected to the
(b) where the SPV increases exponentially with the diSta”C%oundary conditions

from the junction edges; this is due to minority carrier diffu-

sion to the two junction edges. The bumps in the CPD image dAn S ~dAn

measured in the daifl€ig. 2@)] are due to surface states on  dx_ =pAnx=0; 5 =0 )

the cleaved crystal surface; they are not observed in fiig. 2 § *

because of the change in the band bending induced by tH&

illumination. - . . - - . An(x)=Aexr(—x/L)+g7-, (4)
The calculation of the minority carriers diffusion length

from the SPV data is as follows. The dependence of SPWhereris the effective electron bulk recombination lifetime,

(defined as|CPD gy —CPDhaq at the semiconductor sur- andA is a function of the electron velocitg given by

=0

— 0

face,y=0 in Fig. ) on An [the excess minority carrier _s

concentration at the edge of the space charge re@aR) | A= —=—9r. (5)
is obtained by measuring it as a function of the exciting light S+DiL

intensityl. The SPV data are then fitted to By substituting Eqs(4) and(5) into (1), we obtain

SPV=CIIn(1+1/10)], (1) SPV=C-In{1+[Aexp —x/L)+gr]/Ang}, (6)
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whereAn, is a normalization factoiSis the electron veloc- tween 5 and 30 kW2 However these diffusion lengths are
ity at the edge of the side depletion regiortat x=0, see  smaller than the electron generation volume at these ener-
Fig. 2); this should not be confused with the surface recomgies, i.e., below the resolution of the EBIC technique. This
bination velocity at the top cleaved surface. emphasizes the main advantage of the method proposed
Figure 3 shows experimentédolid lineg and calculated here: the ability to measure very short diffusion lengths
(dashed linesSPV line scans measured under three differenshort as 100 nm depending on the resolution of the KPFM
light intensities of:(a) 0.41, (b) 1.3, and(c) 4.1 uW at the = measurement setup.
output of the optical fiber. The coordinate=0 corresponds In conclusion, we have demonstrated a new method for
to the edge of the depletion regigsee Fig. 2b)]. The high- measuring minority carrier diffusion lengths, based on
est light intensity is estimated to be not more than a fewKelvin force microscopy. The main advantages of the pro-
uW/cn? exciting the sample surface under the tip. This cor-posed method are that it can be used to measure very short
responds toAn<1x10"cm~3 which means that all our diffusion lengths, and thdt can be obtained explicitly using
measurements are conducted under very low injection levelg very simple analysis.
A nonlinear fit of the data to Eq6) with D=3 cn¥/s, gives

L of 0.85+0.01, 2.1-0.02, and 2-0.02um, andS of 1.7 This research is supported by the Israel Science founda-
<105 2.5x 10 and 1.3< 10° cm/s for Figs., ), 3(b), and  tion administered by the Israel Academy of Science and
3(0) ;espectivély. T Humanities-Recanati and IDB group foundation, and by

Two important advantages of our method are that théerant No. 9701 of the Israe_l Ministry of_ Science. R.S. i_s
measured diffusion lengths are independent of the surface-PPorted by an Eshkol special scholarship of the Israel Min-

recombination on the cleaved surface, and of the minoriySt"Y of Science.
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