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Absttact. Low-energy positrons implanted into a crystal can diffuse to the surface where
they may be detected,for' instance,by observing the formation ofpositronium. We describe
the positron motion by a one-dimensionaldiffusion equation, and discussthe measurement
of vacancy activation energies,positron diffusion constants,and positron stopping profiles.
PACS: 78.70,71.60
There is considerable interest in the study of low~
energy positrons interacting with solid targets in vacuum [1]. In recent experiments a beam of positrons
with well defined energy strikes a clean single crystal
surface.The energy spectrum of the resulting annihilation photons yields information about positronium
formation [2, 3], slow positron e~ission [4] and positron surfacestates [5-7]. In particular, if thesesurface
effectsare studied as a function of the positron incident
energy, one can learn about the diffusion processby
which the positrons reach the surface of the sample
after being implanted into the bulk. The motion of the
positrons in the bulk appears to be fairly well described by a one-dimensional diffusion equation

In experiments on semiconductors there may be internal electric fields E near the surface which can
influence the positron diffusion. These electric fields
can be produced either by doping the crystal or by
applying a voltage across electrodes plated on the
surface.In either caseit is interesting to seehow the
positron diffusion will be modified. The equation we
must solve is [10]

ip=DO2cpjox2_ycp,

cp=DV2cp- ,uE. Vcp-ycp,

(1)

where cpis the density of positrons in the material, D is
the positron diffusion constant and y is the rate of
decay due to annihilation and trapping. The experiments yielded values of D in metals and have shown a
high sensitivity to the presence of defects close
('"

1000A) to a surface.It is the possibilityof measur-

ing vacancyactivation energiesin thin samples[8] and
of quantitatively detecting other crystalline imperfections in surfacelayersthat makesit desirableto discuss
,the use of (1) in more detail.
For completenesswe first present the derivation of an
expressiongiving the fraction of positrons reaching a
surface after being implanted. The derivation of this
formula was also given by Lynn and Welch [9], and
may be found in the monograph by Bell [10]. We then
discuss the application of the formalism to the

measurementof positron diffusion constantsand trapping rates.

Model and its Application

(2)

where Jl is the positron mobility in the crystal.
Given that positrons have been implanted into a solid
surface with some distribution P(x) vs depth x at the
initial time t=O, our problem is to calculate how many
of the positrons diffuse to the surface at x=O before
annihilating or being trapped in the bulk. At the
surface we supposethat there is a perfectly absorbing
boundary such that cp= 0 for x < 0; more general
boundary conditions were discussed by Lynn and
Welch [9J, by Bell [10J, and by Oliva [llJ. Solutions
satisfying the boundary condition are
cpk(x,t)=O(x)sin(kx)e).xe-at,

(3)

where J.=JlE/2D, a=D(k2+J.2)+y, E is a constant
electric field pointing in the x direction, O(x)is the unit
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step function and k > O.The generalsolution is a linear
combination of CPk'S

J

1p(x,t) = B(k) CPkdk,

(4)

where the amplitudesB(k) for a c5-functioninitial
distributionat x=a, 1p(x,O)=c5(x-a),are
B(k) = ~sinkae-;'a.
7t

(5)

The quantity which may be determinedexperimentally
is the total fraction of particles lost through the
boundary. This is given by
00

L(a)=

(}

J0 D-:;-1p(x,
t) I
uX
x=o+

dt=e-

~a,

(6)

where ~ == VYID:;= Vi'f~
+ A.We see that an
internal electric field results in an L(a) which appears
to be associated with an effective diffusion constant
Deff' Internal fields can therefore only be calculated
from L(a) if we know the actual diffusion constant D
from independent measurements.
Since the incident positrons are not all deposited at the
same depth we average L(a) over the stopping profile
P(a) to obtain an expression which can be compared
00

with

experiment:

L = JP(a) L(a)da.

For

electrons,

0

Makhov [12] has parameterized the stopping profile
by
P(a) (Xaa,exp( -(X3aa2)

(7)

and found (Xl= 1, (X2= 2 fits most of his data while (Xl=0,
(X2= 1 fits one set of data. Oliva [11] has calculated
P(a) for positrons in jellium. We are presently not
certain of the correct form of P(a). However, an
exponential stopping profile P(a) = a- 1 exp( - a/a) is a
convenient first approximation which leads to a simple
expression for the fraction of the incident positrons
which reach the surface before annihilating or trapping
in the bulk:
L(2i)=(~a+l)-1.

)1/2= ilieE +

-1

lation or depletion layers can causea large effectin the
measuredDerr' As the band bending is a function of
temperature, Deff may also have a complicated temperature dependencein doped semiconductors.
It has been observed [14] that cleaning Si crystals by
heating to 1500K in vacuum always produces a thick
degeneratep-type layer at the surface,irrespective of
the bulk doping concentration or the type. A p-type
accumulation layer will causea positive electric field
E = Ex which will hinder the diffusionof positronsto
the surface.Thus the anomalouslylow value of (Djy) 1/2
obtained by Mills [2] for Si prepared by heat treatment compared to that found for Ge can be explained
by the inclusion of this surface electric field. The Ge
crystal usedwas 20.Qcm intrinsic material, which has a
negligible surfaceelectric field of ~ 103V jcm [15, 16]
at room temperature. The experimental result for Si
can be explained by a tenfold reduction of (Deffjy)1/2
causedby an internal field of roughly 105Vjcm which
corresponds[15, 16] to a p-type carrier concentration
of ,..,5x 1019jcm3.
The use of externally applied electric fields in semiconductors [17] or thoseproduced by surfacepreparation
and doping provides exciting possibilities for improving slow positron convertors [18]. For example,
cleaned,heavily doped n-type Si(111) surfacesmight
have both a negativepositron work function [4] and a
large negativesurfaceelectricfield which would increase
the effective diffusion of thermalized positrons to the
surface, and thus the total yield of emitted slow
positrons.
Since the fraction L(a) of particles lost through the
surfacefor a c)-functioninitial distribution is an exponential, see (6), the average of L(a) with a stopping
profile P(a) is the Laplace transform of P(a):

(8)

For E~.O, ~-+oo and L(a)=O while for E<.{O, ~-+O
and L(a) = 1 corresponding to the escape from the
surface of all the incident particles. If we assume that
the mean stopping length a is proportional to the
incident positron energy W; a = A W; (8) provides a
reasonably good representation of the experimental
.results [2, 3].
Making use of the Nernst-Einstein relation D=J1.kT/e,
A can be expressed as eE/2k1:; and the inverse effective
diffusion length ~ becomes
~ ==(D:;
y

Typical electric fields at doped semiconductorsurfaces
due to band bending caused by electronic surface
states are on the order of 103-105Vjcm, making A.
comparablein magnitude to (yjD)1/2at room temperature, ,..,105cm for Ge [13]. Thus surfaceaccumu-

[(ilieE) 2 + Dy11/2.

(9)

I (8) =

00

Jp(a)e-

~ada,

(10)

where ~ = VYID;. In principle, we can tlIerefore solve
for P(a} if we have a complete set of L(~} measurements as a function of ~. This information can be
obtained without any assumptions about the mean
depth being linear in energy W if we vary

~ for

exampleby changingthe sampletemperature 1: In this
case, we expect the diffusion constant to vary as
Doc T-Uj with 0"1= 1/2 for phonon-limited diffusion
processes.More importantly, ~ will have a strong
temperature dependencebecausethe rate y is the sum
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of the bulk annihilation rate Ybplus the trapping rate
due to thermally activated vacancies[19]
y =Y.. + Dv e-Ev!kT,

(11)

where v is a constant proportional to the trapping
crossection and Ev is the vacancy formation energy.
We then have

~(1) =0"01"'1!2(1 + 0"2 T-UI e-Ev!kT)1!2.

(12)

Fitting L(~) data to (10) and (12) can therefore be
expected to give information about the temperature
dependenceof D, vacancy activation energies and
positron stopping profiles.
The data for determining L(~) wouldbe,for instance,a
set of measurementsof the positronium yield I(~ W)
as a function of sample temperature T and positron
incident energy ~ A complication in making use of
(10) is that the positronium formation fraction 10 for
the positrons which have reached the surface is temperature dependent [1]. This phenomenon is understood to be caused by the thermal desorption of
positrons bound in the external "image" potential well
at the sample surface [5]. Fortunately, it is found that
positrons implanted into the sqlid at low energies
« 100eV) are sensitiveprimarily to the surfaceand do
not become appreciably trapped in vacanciesin the
bulk. At high incident energies1(1: W) is sensitiveboth
to vacanciesforming in the bulk and to the variation of
10' If we normalize 1(1: W) to the low incident energy
measurements 1(1: 0), we obtain L(1: W)=
1(1: w)/I(1: 0), which should be a good approximation
to the fraction of the incident particles diffusing to the
surface.
In conclusion, positron diffusion can explain the incident energy dependenceof the yield of positronium
and slow positrons from surfacesbeing bombarded by

slow positrons. Including the effectsof internal electric
fields allows us to explain an apparently anomalously
low value [2] of the diffusion constant for positrons in
Si. Finally, the fprmalism presented here may also
provide the basis for measurementsof positron trapping rates by vacancies in thin samples and near
surfaces.
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