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Abstract.

The tunnel photocurrent between a gold surfaceaafrée-standingemiconducting
thin film excited from the rear by above bandgatihas been measured as a function of
applied bias, tunnel distance and excitation ligbwver. The results are compared with the
predictions of a model which includes the bias deace of the tunnel barrier height and
the bias-induced decrease of surface recombinawocity. It is found that i) the tunnel
photocurrent from the conduction band dominatesftban surface states. ii) At large tunnel
distance the exponential bias dependence of therduis explained by that of the tunnel
barrier height, while at small distance the chawndesurface recombination velocity is

dominant.
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| Introduction

Spin injection from GaAs under light excitation anta magnetic metal is of
fundamental interest for spintrontand spin-polarized scanning tunnelling microscophy.
contrast with injection from magnetic tipshe use of semiconducting injectors permits rapid
(optical) control of the spin of the injected elecis and minimizes the magnetic interactions
between the injector and the surface. Some atteatpspin injection from GaAs tips into
magnetic surfaces have already been thabat these studies used direct light excitation of
the tip apex and a parasitic dependency of thetejecurrent on the light helicity as high as
several percent was obsenfedihis deleterious effect, attributed to helicitypgadent light
scattering in the tunnelling gap, seriously limitéd use of the GaAs-tip injectors. It has
since been proposed that spin injectors shouldab@en transmission mode, with light
excitation incident on the planar back surfacehefinjector’

In order to understand the features of spin injecti is first necessary to understand
the mechanisms of charge injection via tunnelliregrf a photo-excited semiconductor into a
metal. To our knowledge, despite the large numbestadies of photoelectric effects in
metal-semiconductor junctiohs® and tunnel microscopé$,a complete understanding of
photoelectrical processes is still lacking. A poes study using silicon tips found that the
dominant process is a Fowler-Nordheim-like dhdansenet al. proposed that electrons
tunnel from midgap surface states thereby obtairgngd agreement with experimental
results for small values of the bias applied to thetal*® * These studies considered an
energy-independent density of surface states aglketed surface recombination as well as
the bias-dependent tunnel barrier height. Injecbbriree carriers across a semiconductor-
liquid interface has also consider&dyith tunnelling from the conduction or valence 8an

accounted for. However, in this case the only a&gpliias was the constant photovoltage.
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In this work the tunnel photocurrent into a goldface is measured as a function of
bias, film/surface distance and light excitatiormpo. The GaAs film is a free-standing
cantilever having a thickness of a few micrometlrsVe consider thin GaAs films
photoexcited from the rear face and held at a obett distance from the metal. This
configuration brings two simplifications to the wmdtanding of the results: i) Since light
excitation is performed from the rear of the filthe injected photocurrent originates from
electrons created near this surface which haveis#itf to the front surface. Unlike front
surface excitation’ this photocurrent does not directly depend onviftth of the depletion
layer. ii) The use of a film rather than a tip aslearp point ensures that the contact surface is
relatively large thereby avoiding the effects aofamplex electric field distribution near the
tip apex™® Analysis of the results has allowed us to elinenée effect of possible distance
inhomogeneities so that, after correction, the fsdmiconductor interface can be
considered as planar, in the sense of a paralied phapacitor.

The results are analyzed using a new model whidorjorates photovoltadé,
surface recombinatidfiand the energy dependence of the density of sustates’ together
with the bias dependence of the tunnel barrierhtéfgFor a gold (non-magnetic) surface,
the interpretation of the results is relatively glenas the density of empty states depends
only weakly on energ§*t The quantitative agreement between the model drel t
experimental data demonstrates that, unlike easl@k,*® the tunnel photocurrent originates
from the conduction band. For a large tunnel distathe observed exponential relationship
of the tunnel photocurrent is caused by the bigsexéent tunnel barrier height. At short
distances, the dependence becomes non-exponemtiak aletermined by the bias-induced
change of the surface recombination velocity.

This paper is organized as follows. Sec. Il detdibs model while the experimental

results and procedure are presented in Sec. llmpgaoison between the model and the



21/05/2010 4

experimental data is found in Sec. IV whilst Se@re&sents a general discussion.

Il Theory

The metal-semiconductor structure, described in Eigis composed of a p-type
semiconductor film (thickne€s bandgafEs) and a metal to which a potentMlis applied,
separated by an insulating layer of thickndsand dielectric constang. Light excitation
from the rear of the semiconductor creates a ptipunl@f photoelectrons in the conduction
band, with a fraction of these electrons beingatgé into the space charge region at the

interface.

A Surface photovoltage and surface recombinatidocity

Neglecting the difference between the Fermi enargiie semiconductor and the top
of the valence band, the potential barrier at #maisonductor surface, defined by the energy
difference between the top of the valence banterbulk and at the surface, is given by

Gp =P+ AP - QV,. 1)
Here qVs is defined as the energy difference between thetrein quasi Fermi level at the
surface and the bulk Fermi level, caused by liglaitation and by the application of a bias.
(q is the negative electronic charge). The enehgyis the shift of the electron quasi Fermi
level with respect to midgap caused by the charigheo surface charge. While a general
calculation can readily be performed, it will besased that the equilibrium value of the

surface barrigp, is equal to half the bandgap energy and that #@msity of surface states

peaks at midgap.
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In order to calculatdg, qVs andthe electron concentration, at the onset of the
depletion region three conservation equations aexl.uThe first is the charge neutrality
equation,

Qp + N + AN =0, 2)
where the three terms are the departures fromibguih of the charge densities at the metal,
at the semiconductor surface and in the semiconddeipletion layer. The two conservation
equations for the electron and hole current desssdre:

J,=Je =9, 3)

and

3o =3, exp(—ﬁ—f){equ%) —1} =J, =y, 4)

where J, is the photocurrent density injected into the dgph region andJ, is the current

density for electron-hole surface recombinatione Tannel current densitied, and J,,

describe electron tunnel processes from the sembicxtar to the metal and hole processes

from the metal to empty states of the semiconducémpectively.J, is the majority carrier
Schottky current. HereJ, = A" T? exp(—ﬁ—_‘;_) is the usual saturation current density where

A" is the effective Richardson constaiit,is the temperature ankl is the Boltzmann
constant.

The calculation of the tunnel current can be sifigaliif J,, << J,. This assumption

is valid provided the tunnel gap is not too smaildl avill be justified below by comparison
with the experimental results. In the opposite eaxie casethe tunnel photocurrent is equal
to the injected photocurreniyf and the photovoltage is small. Similarly, it wik assumed

that J, <<J, .
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As shown in Appendix A, the expressions fof and for J,, obtained from a
resolution of the one-dimensional diffusion equatiio the semiconductor bulk, are

N, =B N, 5)
and

Jp = aN,SB (6)
respectively, with

B=[1+SIv,)". 7)
The effective electron concentratid, is proportional to the light excitation power arme t
diffusion velocity v, is proportional to the ratio of diffusion constaamd diffusion length.

Neither quantity depends on the surface recomlmnatelocityS or bias. Their expressions
are given in Appendix A.

Vs

Using J, = J, and further assuming in Eq. (4) te&t >>1, Eq. (6) becomes

qV, =qV, +Ag +KTIn(L- ). (8)
The quantityVs , defined byqV. =KTIn(qv,N,/J, )is the usual value of the photovoltage
(KT'In(J,/J,)) in the limit whereS >> vy. With respect to most studies performed using

light excitation at the front surfac¢®the transmission geometry strongly simplifies the
expression for the surface recombination dependesfcehe photovoltage. Assuming
thermodynamic equilibrium between bulk and surfatés straightforward to calculate the

electron concentratiom_ at the surface. This concentration mostly lieshat énergy of the

lowest quantized state in the surface depletioerlablere this energy lies above the bottom

of the conduction band and is writtn, where?

1 q2h2E2 1/3
:¢_{ - J [37714)° (9)
b m
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and E_is the surface electric field. Assuming that theasjuFermi level position is

independent of spat®®*and using Eq. (4) and Eq. (5) one finds

A i
n=AT {ﬂ} | (10)
qS | AT

The surface recombination velocity is obtained fiéq (3). Neglecting recombination in the
depletion layer and considering the usual Stevesyes expression fod, ** ?* this

equation is written

2 aVs /KT _
0,0 ,V,V,N, (e 1)

gV, (n, +ng)+o,v,(p, + pg)

N S8 = jEENT (E) dE (11)

It is assumed that the density of surface statefE) has a maximunN; (0) at midgap and a

typical width 0.2 e\A? Here, o, and g, are the electron and hole capture cross sectidns,
respective velocitieg andv, andn; is the intrinsic electron concentration. The qite#p,,

n. andp,are respectively the surface hole concentratiors the values than, and

S

p,would have if the surface Fermi level were at epéig

As bulk and surface are in thermodynamic equiliiosiuthe second term in the
denominator of Eqg. (11) is generally smaller thie tirst one. This also implies that hole
recombination processes are less efficient thawctrele ones and that the occupation
probability is close to unity for all states lyimgtween the two quasi Fermi levélsAs a
result, the only states which contribute to surfem@ombination are in a relatively narrow
range of typical widtlkT situated neakEg,. Using the standard room temperature value of the

intrinsic density of states of the conduction bask finds that, >>n,, so that

s=5,exp(-+£)/ D(29). (12)



21/05/2010 8

where D(A¢ ) is the relative surface state density at enefgy. The equilibrium surface

%o
recombination velocity is given I8 =(J;/dN;J,,) €, where N; =N, (O)kT /a is an

equivalent volume concentration of defects apd=qvn, (aniap). The thickness of the
surface only plays a role for the homogeneity\gf and J,, .
ExpressingdQ,, using Gauss'’s theorendQ), by an integration on surface states, and

taking account of the contribution @), of conduction electron’$,the charge neutrality

equation, Eqg. (1), becomes

by — Po A ng KT Ere _
Cm{V -T} + quNAN {ﬂ{h'\l—m—b} —1] + N, (0) jEFh D(e)de =0, (13)

where W, is the equilibrium value of the depletion layerdii, Na is the acceptor
concentration, andC |, =&, /d is the capacitance per unit area of the tunnel §ageqVs

and theS are expressed as a functiondg, [Eq. (8) and Eq. (12) respectively] this energy is
the relevant quantity for calculating the tunneireants and is found by numerical solving Eq.

(13).

B Calculation of the photoassisted tunnel currents

The tunnel current densily is generally the sum of three contributions désicg
respectively tunnelling of photoelectrons from toaduction bandJ,, ,)from surface states
(J), and of the current from the valence bandj, X Electron tunnelling between the

conduction band and the metal occurs by conservatigdhe parallel electronic momentum
and of the total enerdfy.In addition to the electronic perpendicular mornemt the tunnel
probability depends on the spatial average of thanel barrier, which itself depends on

bias?® As discussed in Appendix B, the tunnel probabikity function of energy above the
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conduction band edge. The majority of tunnellingcélons have a nonzero energy, written

f@, wheref > f is a numbea priori distinct fromf* and defined by the lowest quantized

state [EqQ. (9)]. Fody, one then obtains

. waV
Jy = Jt(l))N (S) EXF{‘%) (14)
where
d KT
w=— (15)
2d, P,
* ke D f +w(l-2af)
N'(g)= 2T W{ qf’“(g} (16)
S AT
and
30 =K,0,[E] ex{— oo, /4_k$ - 2f)¢°)} (17)

are respectively the reduced distance, the sur&eetron concentration and a factor
independent of bias and light excitation. The otlorantities are d, =nl2m,

o, = [tbm +y—E; +(@-2f )¢0]/2 andE= Eg-(1-f)gp +qV, the energy of tunnelling electrons
with respect to the metal Fermi level. The quantitglefined in Eq. (B4), is the fraction of

perpendicular to total kinetic enerd¥,, defined by Eq. (B5) is a constant. The exponéntia

factor in Eq. (14) is due to the bias dependenneuibarrier, while the bias dependence of
N"(S) reflects the changes of the surface recombinagdocity.

The tunnel current from surface states is obtalmedhtegration over energy with

respect to midgap between the electron quasi Fiawel and the metal Fermi level. One

finds
_ _w, B ¢ £,
Jts—NT<0)Aexp{ o lalv vs)+A¢]}jA¢+q(v_vs)K(Es)pm(Es)D(e)exp%)de a8)
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whered’, =%(<Dm +x+d,), w ="K A:exr{— 2d\/¢?s/d0] and

© 2, o

E, =£-A¢+qV . Taking account of EqQ. (8), this expression become

qwy || g, “
J. =N; (0)Aexg ———
=N, () r{ . }[J}

J - K<(E)on(E)D(€) exp(%)dg : (19)

DP+q(V-Vs)
In this expression it is noted that the dependemeelight excitation power is mostly

contained in the terfgSn, / J,]“ .

The tunnel current from the valence band can alsodxdulated under light excitation
since the photovoltage modulates the energy otdpeof the valence band at the surface.

This equivalent photocurrent appears as so@Vasg, and is given by

LY EN)
tv ts
\ 4 &,
Ji " (e Pn(BID(E, ) expt- = e,
d KT

where @, =

: 2d\/®;
——=, O, =[P, +x+E;+9,]/2 and J:=Kvexp{— | } The

2d, /! , 0
density of states per unit surfacel¥e,) :EC(Zm* /hz)slz\/s_v, where 7 is the coherence

length. K, gives a measure of the tunnel matrix element &td, is @ slowly varying

function similar to that defined in Appendix B foonduction electrons. In the same way as

for surface states, the power dependence of thisriis given by the third factor of Eq. (19)
and is of the formN,* where , is smaller tharw, because of the larger value of the tunnel

barrier.

[l Experimental
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A Experimental system and procedure

We have used free-standing, 3 um thick, cantilgyaiches ofp” GaAs (doping
=10"%cm®) deposited on fused silica substrates with théilesrr overhanging the substrate.
These devices have been fabricated using an origmatofluidic assembly process
developed by some of the authbtsNo preliminary surface treatment was given to the
cantilevers before the experiment. The cantilevessevexcited by a laser diode at 1.59 eV,
of power 5 mW, focussed to a spot of 20 um diaméltbe laser beam reflected by the
cantilever was also detected by a quadrant phatedichich permits the measurement of the
force between cantilever and the surface and thexéb characterize the mechanical contact.
Freshly made, atomically smooth, Au surfaces, tabeid using an electrochemical technique
described elsewheféwere used for the experiments.

As described in Ref. (12), the current was stadlizn the dark to a value

| =10nAxexp( 4 /2000 for a cantilever biad/se (Set here to -1.5V). The valuge is

adjusted using the feedback control system betwednes situated between -3000 and
+3000 and determines the tunnel distance if quastguch as the dielectric constant of the
tunnel gap are constant. After stabilization, thedback loop was opened and two rapid bias
scans were performed, one in the dark and the otiemnder illumination. This procedure
allows us to measure both the dark curiggkand the additional tunnel curreh due to
light excitation as a function of bias.

In the following we show the bias dependences fametion of ¢ rather than of the
tunnel distance which is not known accurately. Bighows the dark current as a function of
bias, while Fig. 3 shows the absolute value ofatiéitional photocurrent. For a positive bias,
the photocurrent has the opposite sign and is aueninelling of holes to occupied states of
the metal. This process, which will not be discus$mie, compensates the electron

photocurrent at a bias of about 0.2 eV which iseftee not directly related to the standard
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photovoltage. Fig. 4 shows the atomic force betwiencantilever and the metal surface.
Finally, the photocurrent as a function of lightigation power, for an applied bias of -1.5 V
is shown in Fig. 5. This figure shows a power lakhvéin exponent which slightly increases

with distance from 0.44 (Curve d) to 0.66 (Curve a)

B Analysis

The experimental results of Fig. 1, Fig. 2 and Hgallow us to distinguish two
regimes as a function &fe: As seen in Fig. 2, fdie: < 0, the photocurrent behavior is very
close to exponential, with a slope which decreag#s distance between Curve a and b and
increases again between Curves b and c. For laedees ofls.; the photocurrent increases
more slowly than exponential. The limit between tihhe behaviors approximately coincides
with the onset of mechanical contact which, as $edfig. 4, occurs betwedg.; =0 andlse
=1000. In forward (positive) bias, it is possibtedefine an ideality factan since the dark
current exhibits exponential behavior accordingxp(@V/nkT). Fig. 2 shows that fdge; < O,
in agreement with Ref. (32), the ideality factocidases with increasing.: Forlse =0 the

slope of the exponential is constant which showas tie capacitanc€  of the tunnel gap is

constant. The overall variation of the idealityttads from 2.7 to 1.5.

These results can be given a simple explanatiomygarized in the inset of Fig. 4:
before mechanical contact the tunnel distance hecktore the ideality factor decrease with
increasinglses Once mechanical contact is established the bigpertlence of the tunnel
photocurrent becomes a sum of a contact contributtbaracterised by a fixed distance,
together with a non-contact contribution. The neatimportance of each contribution
depends on the ratio of the two areas and thugep8upport for this hypothesis is shown in
Fig. 6 where fotse> 0, the photocurrent and the dark current are decongpasé¢he sum of a

contribution independent dg.;and of a fractior of the signal obtained &= -1000. This
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is the highestse value giving an exponential bias dependence ofuhael photocurrent. In
reverse (negative) bias, both the tunnel photootirmed the dark current bias dependences
are nearly independent &f: Further, thedark current is now exponential as a function of
forward (positive) bias over as much as 4 ordersnafnitude. The value of is given in
Table 1. This value gives a measure of the relaiea of the non-contact part to the contact
one and, as expectedigcreases upon increasikg In contact it is interesting to note that a
bistability of the atomic force is observed (seg.H). This bistability is correlated with a
bistability of the tunnel photocurrent and can berected in the same way as above using
two distinct values ofr as shown in Table 1 fdg.;= 3000. For the following analysis only
the smallest value af will be considered for each valuelgf;

The corrected results are summarized in Fig. 7 kvelmows the bias dependence of
the tunnel photocurrent in the contact regime anthé non contact regime as a function of
lset The ideality factor, also shown in Fig. 7, ingesa from a nearly constant value of 1.5 in
contact to 2.7 at large distances. These resudtsrae of possible contact inhomogeneities
arising from the large contact surface area andalethe tunnel characteristics of a purely

two-dimensional contact considered in Sec. Il.

IV Interpretation

Since the model described in Sec. Il contains ativaly large number of parameters,
we have chosen reasonable values of several panarieim the literature. These are given
in Table 2 and no attempts have been made to athest. The values of the surface
recombination velocityS,, the diffusion constanD, the diffusion lengthL and the bulk
recombination time7, are summarized in Ref. (8). The values\Ngfandvy, calculated using

Eqg. (A3) and Eq. (A4) were taken equal to 2 %10 and 1600 m: respectively. The
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energy dependencB(A¢ of) the density of surface states is approximatedalgaussian
profile of width g; estimated to be 0.20 €¥,**whereas forAg larger thang; the tails of the

valence and conduction bands are approximated tbpks. The density of surface states

N, (0) has been found to range from severdl’ 8/ 'm™? up to larger than 28 ev'm?! %

Here we takeN,; (0F 6x10° eV'm™? as implied by the slopes of the bias dependences a
large distance and discussed in Sec. IVB belowceSiy, andw depend on the width of the
tunnel gap, their values are adjusted for eachtspaowhilst maintaining constant values of

®,, and @ . Using Eq. (16), we take the exponent of the erpantal power dependence of

the photocurrent for the factér(= 0.4). For simplicity we také = f, thus assuming that
tunnelling of photoelectrons occurs from the fgaantized state in the depletion layer.
In the following, we outline the physical mechanssmuinderlying the tunnel

photocurrent from a semiconductor into a metal.

A Tunnel currents from surface states and froncthreuction band.

The relative values o, J,, andJ, depend on the tunnel matrix elements which

s
are unknown, so that the magnitudes of these dsrieannot be conclusively determined.
However, the experimental evidence presented Baevariance with the model of Jansen et
al'® in that the tunnel photocurrent from surface staed from the valence band are
negligible with respect to that from the conductioand®® This is most apparent for the

following two reasons:

a) The predicted excitation power dependences),ofand J,, are very weak and
cannot explain the experimental results. Recallvag << 1 at large distance, it is seen from

Eq. (19) and Eg. (20) that these dependences anindted by that ofN° and N° . The
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exponentsws andwy, are of the order of 1x10and are more than one order of magnitude
smaller than the experimental values. Even largarepancies are found in contact.

b) The bias dependences 8f and J,, cannot interpret the data. This is shown in
Fig. 8 for the extreme case of Curve a and Curve Eig. 7. The bias dependence &f
exhibits a threshold near -0.4 V and nonexponetigddavior which does not interpret the
data at large distance. Conversely, because ofdhknear integral of Eq. (18)], is almost

independent of bias in contact and cannot interfiretexperimental data. Even a strong

modification of the tunnel parameters cannot actéanthe experimental results.

B Tunnel current from the conduction band

Comparison of the experimental results with theslWiapendences 4df , calculated
using Eq. (14) are shown in Fig. 7. Very good agrest with the experimental results is
obtained. The values &, and « used in the comparison are given in Table 2. Bbtinem
increase with decreasirg.; which reveals an increase of the tunnel distane. shows
Curvesa andd from Fig. 7 along with the calculated bias depewgs of N'(S) and
exp(— a)qV/kT) which appear in Eqg. (14). While the exponentiatda accounts for the
bias dependence of the tunnel barrier height(S expresses the bias-induced decrease of

the surface recombination velocity which, accordiod=qg. (9), produces an increase of the
concentration of tunnelling electrons.

At large distancethe bias dependence of the tunnel current is aldeat of the tunnel

barrier height as the surface recombination vejamitly weakly depends on bias. Indeed, Eq.

(12) simplifies into

Ap=-ydv —v;]=qzﬁ—:‘(o)qbf -v;]. (21)



21/05/2010 16

A¢ is smaller than the widtlr of the surface density of states so that the relecquasi

Fermi level is still pinned near midgap. The lindaas dependence ¢ induces an

exponential dependence of the tunnel photocurpeaportional to exp##/Vpn), where

ql\</T =y +w. (22)

ph
The second term of Eq. (22), given by Eq. (16)prisportional tod and expresses the bias
dependence of the tunnel barrier. The first terrhictv is proportional tad™, reflects the

dependence of the tunnel barrier/ah. The observed decrease of the slopdd{gmcreasing
between-2500 and-2000 implies that the exponential increase of tinenel current is

determined by the bias dependence of the tunneieband thaty, <w. The subsequent
increase betweer2000 and-1000 suggests thatis now small enough so that>w. The
condition y; = w implies that the value o is given by the measured exponential slope at

large distance. Using the values@©f, and « given in Table 2, one finds thagiN,; &j)ould

be of the order of several ¥&V*.m? which is indeed the case.

At small distancesA¢ increases because of the larger value of the tuwapacitance
C.,. Ag can become larger than the widttof the band of surface states which induces an

unpinning of the surface Fermi level and a decredshe surface recombination velocity.
The bias dependence of the tunnel current is navgezh by the increase of the electron
concentrationns which, as seen in the top panel of Fig. 9 is agelaas three orders of

magnitude.

V Discussion

A Effects of interface chemistry
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The values of the parameters used in the analygigest that the natural oxide layer,
originally present at the surface, has been at lgagially removed. For a Schottky barrier
composed of gold deposited on naturally-oxidized&ane finds a value &h,C= d/g=1.5,
about 2 orders of magnitude larger than the onesured here in contattAs shown for InP,
the oxide may have been removed by an electroctamngiaction at cathodic potentidfs.

Taking @, = 4 eV in Eqg. (15) one finds that the distanceanges between 1.1 nm to
0.45 nm in the non contact regime and is about Ar@8n contact. The resulting values of the
dielectric constant of the interfacial laygare shown in Fig. 10 as a function of distanaces
equal toe' ~ 30 in contact which suggests the partial formatbm molecular film of water

(dielectric constant 80 and thickne$s= 0.28 nm) between the semiconductor and the metal.

If d>d’, one expects the effective dielectric constant te given by
gtzdg*[d*+(d—d*)£*]_l. As shown in Fig. 10 for the non contact regimég t
correspondence between the calculated dependengeanfd the data is unexpectedly good,

given the uncertainties in most parameters uségeircalculation.

B Dark current

For a forward (positive) biases, including the cilmittion a, of residual processes

such as image charge effects and tunnelling of mtyjoarriers, the ideality factor is given

9, 32

by

n C,*+& /W +aN; (0)

wheren and 1-5 are the fractions of the total number of stateswhich follow the metal
statistics and the semiconductor statistics respdygt Comparison of the model with the data

as discussed in Sec. IV.B shows that/W <<q(1-77)N; (0) and C,, <<gN; (0) which
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leads to the approximate expression in Eq. (23). BO shows the dependence rof
on&, /C,,, where the value near zero corresponds to theicosituation.
Under reverse (negative) biaA¢ and qV,are found by numerically solving the

current and charge conservation equations anddhetdnnel current from surface states is
given by Eq. (18¥3 Current conservation implies that the tunnel aoHo&ky currents are

equal. For the Schottky current, in order to tageoant of additional processes contributing
to the ideality factor, one replaces by ¢, which depends on the barrier change-qV..
For a large bias range we write to second order

$, =@, +a, (AV, —Ag) +a (aV, —L¢)° (24)
In the charge neutrality equation, in additiomie O, the tern¥Qss must take account of the
two types of surface states used in forward (pemjitbias.The dark current and ideality

factor depend on the following additional parametéy ;7. ii) a, and a; iii) The tunnel

matrix elementKs defined in Eq. (18)Since this equation uses the prodieN; (0), the

quantity N, (0) will be replaced by an effective density of statdg0) taken here as 8x10
eV:im?
The dependences of the dark current under reveesevere calculated using the

same parameter values as for the photocurrent Hsasiémposingsn —a, =n™ from Eq.
(23). The dependences gfand a,on &/Cy, are shown in Fig. 10. As shown in Tablec%,

is only significant in contact and has very smallues of the order of TOV™. The bias
dependences of the dark current under reverse $hasyn in Fig. 7, accounts very well for

the experimental results. The calculations alsayssigthat, as expectétithe quantitys
decreases with increasing distance from a valuabotut 0.84, while the residual ideality

factor (L-a,)™ decreases from 1.20 to 1.04.
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B Validity of the approximations made

It has been assumed that the electrons in the ectinduband tunnel from the first
quantised level { =~ f'). The power dependence of the tunnel photocugimesf ~ 0.4. The
bias dependence bf was calculated using Eq. (9), neglecting the nicatibn of the surface
electric field due to the photoelectrons in theldpn layer:f "~ is approximately constant and
varies from 0.38 (a value close tpto about 0.25 as a function of hida view of the
numerous quantities which play a role in defining value of it is concluded that takinf=
f'is a valid approximation.

At smalldistances, image charge effects might further nyatié bias dependence of
the tunnel photocurreff.However, the characteristic energy for evaluatirymagnitude of

these effectd = qIn(2)/(87z,d ,)of the order of 0.4 eV fog, =&, andd = 1nm, is smaller by

one order of magnitude than the effective tunnetiéaheight®, . As seen in Ref. (20), the

the tunnel barrier decreases with bias so that endwrge effects should induce a super-
exponential increase in the tunnel photocurrents That odds with the experimental results
obtained at small distance.

In order to obtain analytical expressions of thentl current, this current has been
neglected with respect to the photocurrent and Bahourrents. This assumption is certainly
valid at large distance, in which case the tunnabtpcurrent is small. In contact, the

photocurrent J, =gN,S/v, decreases because of the reduced surface recdimbina

velocity and could become a lower limit value fdrettunnel photocurrentJ( =J).

However, the latter hypothesis can also be excli®aduse, in contradiction with the results
of Fig. (5), the resulting power dependence of ttinel current should be quite different

from that obtained at large distance.
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VI Conclusion

We have developedgeneral model for describing the bias and distalegendence
of the tunnel photocurrent from a thin free-stagd®aAs film photo-excited from the rear
surface and a metallic surface. Based on curredtciarge conservation equations, this
model predicts that the tunnelling current can delpen bias via the bias dependence of the
tunnelling barrier and also because applicatiobia$ changes the position of the electronic
quasi Fermi level at the surface and therefore effective density of states for surface
recombination. Both the tunnel currents from thedietion band and from surface states
have been calculated.

This model was compared with experimental datauofelling injection into gold
surfaces, for which the density of empty stateseddp only weakly on energy. All results,
including tunnel photocurrent, ideality factor awérk current under reverse bias, are
satisfactorily interpreted by identical values bé tparameters, close to the values found in
the literature. The values obtained for the widthl dielectric constant of the tunnel gap are
also reasonable. The model and experimental resditsate that:

- The dominant part of the tunnel photocurrent cofrs the conduction band.

- At large distance, the bias dependence of the tutureent is interpreted as a bias
dependence of the tunnelling gap while, at smalistance, the bias dependence of
the surface recombination velocity plays a domimalg.

The present model can be used as a basis for tegretation of future spin-dependent

tunnel photocurrent data.
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Appendix A: Expressions of; andNo.

The charge diffusion equation is of the form

2
D% —2 +gaexpaz) =0 (A1)

where g is the density of impinging photons per unit tinte,is the light absorption
coefficient, 7 is the bulk photoelectron lifetime amis the diffusion constant. For a planar

sample of thicknesg, the general solution of Eq. (Al) is

n, +n_ = Ae’®" +Be”" +ere“”Z (A2)
1-(aL)
. . . . on , on
where L =+/Dr1 is the electron diffusion length. Usmg— =Sn0) and Da— =-S,as
yA 0 -W

boundary conditions, one finds that the electrooancentration n,at z=/-W and the

photocurrent are given by Eqg. (5) and Eq. (6), eespely, where

N = 997 pal-u+(SL/D)u-val] (A3)
° " (aL)? -1 (SL/D)Ch(¢/L)+Sh(¢/L)

_ D (SL/D)Ch(d/L)+Sh(d/L)

v, = (A4)
L Ch(d/L)+(S'L/D)Sh(d/L)
wherethe quantitiegz andv are given by
U=1-e“Ch(¢/L) v=e"(//L) (A5)

For an unpassivated rear surface, one$iag D >>Th(//L and)S'L/D >> [Th(ﬁ/ L)]_1 and
v, =(D/L)[Th(e/L)]™ (A6)
Further assuming thatl >> dnd neglecting for a large value @f the light absorption at the

front surface, one has=1 andv =0 and

NO = L (A?)
LSn(// 1)
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Appendix B: Tunnel current from the conduction band

We first write, for a given energy,. above the bottom of the conduction band, the
conservation of the perpendicular electronic moméant in the conduction bandxkin the
tunnel gap and,in the metalx is related to the electron maseby 71%c* /2m=® - £, where
., =h’k?/2mis the fraction of the energy, above the bottom of the conduction band

corresponding to a kinetic energy perpendiculathtosurface. The spatially-averaged value of

the tunnel barrier® for electrons at the bottom of the conduction baepends on bids.

Neglecting image charge effects, it is given by
o=[d, +y-E, +qV]/2 (B1)
where @ _ and y are respectively the metal work function and teeaisonductor affinity and

E, is the energy of the bottom of the conduction bahdhe surface. The momentuky is

obtained by expressing conservation of energy ahdparallel momentum. Assuming

thatexp(2«d) <<'1, one finds that the tunnel probability is proponal to

G(&,.) exp(2«d) where

k k2
G(gc) :_. v \2, . '
K (k, +K, FK? +(k +k K,/ )2

(B2)
The tunnel current also depends on the prodUcp, (E)n, (¢, )W(s, wheye K™ is a constant,
p.(E)is the metallic density of states at the correspandcenergye. Here n. (&, ) and

W(&,) are the volume density of the electron concentnatiod the width of the depletion zone

at energy.. Thus, n (£, )W(&, )Js a concentration per unit area. One has finalyfirst order

ine, /@,

3o = K'n, exp(2® 1dy)[* p, (EW(E)G (e, ) ple, ) exp=S — £ ds, - (B3)
° Vo KT
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whered, =7/+/2m. For simplicity we only retain here the electromkich have the largest
contribution to the integral of Eq. (B3). Becals#es,)G(&, ingreases withe, and because of

quantization of electronic states near the surfdwe energy of these electrons is non-zero and

will be written f@, wheref is quite generally larger thdhdefined in Eq. (9). Using Eq. (1) and

f
Eqg. (8), one findexp(—i)zex _19, = qfn"z . The first exponential factor in the
KT KT AT

integral of Eq. (B3) is written@ where

R
a=¢c,l¢€, (B4)
Since the barrier value will be found weakly departdon both bias and light excitation power,
the productW(&,)G(&,)p(e. )will be taken as constant and incorporated ineorttultiplicative
constant, thus writing

Ko = K'W(E,)G(£,)A(e,) (B5)

Eq. (14) is finally obtained by developinéf:D to first order ingV.
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Figures

Fig. 1. Metal-semiconductor structure excited bg\abbandgap light from the rear and for a
positive biasv applied to the metal. Also shown are the surfaaesity of states, peaking at
midgap, and the energy differeng® between the electron quasi Fermi letg}, at the
surface and thEermi levelEg, far from the junction in equilibrium. The shadedas are the
surface states lying between the electron and duadesi Fermi levels (for which the energy
difference isqVs). Also shown are the metal work function, the sgmductor affinity, and

the photocurrentlp) and Schottky currentd).
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Fig. 2: Measured dark current versus bias forl{g)-2500, (b) -2000, (c) -1000, (d) 0, (e)
500, (f) 1500, (g) 2000 and (h) 300Dhe exponential bias dependence of the currena for

forward (positive) bias gives the ideality factevhich decreases up tieet =0 and stays
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approximately constant for larger valued Qf The curves were rigidly shifted for clarity by a

factor (d) 2, (e) 4, (f) 8, (g) 16 and (h) 30.

Darkcurrent(nA)

001k . 4 . 1 1 vy,
-1.6 -1.2 -0.8 -0.4

Bias (qV)

I ' ' ' '
01 02 03 04 05

Fig. 3 : Tunnel photocurrent versus bias, definedh& additional tunnel current under light
excitation. For (a)sei=-2500, (b) -2000, and (c) -1000, the dependencevarse (negative)
bias is exponential. Progressive departure fronelguexponential behavior occurs for (d)

lse= 0, (€) 500, (f) 1500, (g) 2000 and (h) 3000.
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Fig.4. Atomic force between the cantilever and meta a function ofse measured in the
same experiment as the tunnel currents. For negaiues ofls;, the atomic force is
approximately constant and taken as zero. As shiosgt, mechanical contact occurs for
positive values ofse Situated between 0 and +1500. Here a clear mecdidnistability gives

rise to two distinct values of the atomic force.
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Fig. 5: Measured photocurrent versus light poweamtapplied bias of -1.5V fOle= -
3000,(a) -2000,(b) -1000,(c) and (3000).d Also shoiwr reference is a power law of

exponent 0.5.
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Fig. 6: Corrected bias dependences of the darktandel photocurrents in mechanical
contact. The curves correspond to @)= 0, (b) 1500, (c) 2000, (d) 2500 and (e) 3000 and
were multiplied for clarity by a factor 2 for Cuneein the dark, 4 for Curve d and 10 for
Curve e. The bias dependence of the curves depemgdittle onlse and, along with the
improved exponential character at forward (posjtlias, shows that each curve corresponds

to a constant tunnel distance.
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Fig. 7: Summary of the experimental bias dependentéhe tunnel photocurrent (left panel)
and dark current (right panel). The out-of-contdependences have been obtained for (a)
lse=-2500, (b) -2000, and (c) -1000. The contributadrthe contact to the bias dependence
(d) was taken from the data obtained ligr= 3000 after correction. For clarity the data for
the tunnel photocurrent were multiplied by (b) @, 4 and (d) 10, while the multiplication
factors for the dark current were (b) 2, (c) 3, &i}d4. Note that the dark current is about one
order of magnitude smaller than the tunnel phot@eur Lines show the calculated currents

found using the parameters in Table 2.
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Fig. 8: Tunnel photocurrents from surface statesfeam the valence band calculated Fgg
= -2500 using Eqg. (19) and Eg. (20) respectivelye Bther fixed parameter values that have

been used are shown in Table 2. None of thesertari®able to account for the data.
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Fig. 9: Explanation for the distinct bias dependsnbefore and after mechanical contact.
This figure shows the measured bias dependenceeogphiotocurrent foks.=-2500 and for
mechanical contact as well as the calculated leasmndence of the second and third terms of
Eq. (14) as calculated using the parameter valoewrs in Table 2. Before contact the bias
dependence of the tunnel photocurrent is determimedhat of the tunnel barrier. After

contact the bias dependence of the surface recatidinvelocity plays a dominant role.

O Contact
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1 1 e —— L -
1.6 . . 0.4 0.0

Bias (qV)

Fig. 10: Calculated dependence on distance ofilleatric constant out of contact, assuming
that the metal is covered by a thin layer of thi&ess smaller than the tunnel distance. The
data points correspond to the values used in tléysia of the out of contact curves. The
inset shows various parameters used in the caicnlas a function ofy/C,. Image charge
effects and tunnelling of majority carriers conari® to an ideality factor (&g)™* and only

play a significant role in contact.
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Table 1: Experimentally measured tunnel currentsointact were corrected by subtracting a

fraction a of the tunnel current corresponding to the largedtie oflseiout of contact. This

table shows the values @fas a function ofs; Bistability of the atomic force (see Fig. 4) in

contact is correlated with two distinct valuesaoshown here fokse:= 3000.

| set 3000 2500 2000 1500 0
1
a 0.8 0.85 1
0.7

Table 2: Values of parameters used for the anabfdise Curves of Fig. 7.

Common parameters

Adjustable parameters

Parameter Value
SYAZ 62.5
Jsat(A/mz) 6x10°
Na (M) 10°*
N+(0) (eV-.m™) 6x10°
N (0) (eVim?) 6x10°
o(eV) 0.20
No (m™) 2x10°*
f 0.38
let | Contact] -1000 | -2000 [ -2500
€Cm | 0.009 | 0.18| 0.47 0.85
(nm)
® 0.011 | 0.017[ 0.027 0.043
a, 30 <2 <2 | lIrrelevant
(10°VH
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