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Abstract.  

The tunnel photocurrent between a gold surface and a free-standing semiconducting 

thin film excited from the rear by above bandgap light has been measured as a function of 

applied bias, tunnel distance and excitation light power. The results are compared with the 

predictions of a model which includes the bias dependence of the tunnel barrier height and 

the bias-induced decrease of surface recombination velocity. It is found that i) the tunnel 

photocurrent from the conduction band dominates that from surface states. ii) At large tunnel 

distance the exponential bias dependence of the current is explained by that of the tunnel 

barrier height, while at small distance the change of surface recombination velocity is 

dominant.  
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I Introduction 

 

Spin injection from GaAs under light excitation into a magnetic metal is of 

fundamental interest for spintronics1 and spin-polarized scanning tunnelling microscopy.2 In 

contrast with injection from magnetic tips,3 the use of semiconducting injectors permits rapid 

(optical) control of the spin of the injected electrons and minimizes the magnetic interactions 

between the injector and the surface. Some attempts at spin injection from GaAs tips into 

magnetic surfaces have already been made4,5 but these studies used direct light excitation of 

the tip apex and a parasitic dependency of the injected current on the light helicity as high as 

several percent was observed.6 This deleterious effect, attributed to helicity-dependent light 

scattering in the tunnelling gap, seriously limited the use of the GaAs-tip injectors. It has 

since been proposed that spin injectors should operate in transmission mode, with light 

excitation incident on the planar back surface of the injector.7, 8 

In order to understand the features of spin injection it is first necessary to understand 

the mechanisms of charge injection via tunnelling from a photo-excited semiconductor into a 

metal. To our knowledge, despite the large number of studies of photoelectric effects in 

metal-semiconductor junctions9, 10 and tunnel microscopes,11 a complete understanding of 

photoelectrical processes is still lacking. A previous study using silicon tips found that the 

dominant process is a Fowler-Nordheim-like one.12 Jansen et al. proposed that electrons 

tunnel from midgap surface states thereby obtaining good agreement with experimental 

results for small values of the bias applied to the metal.13, 14 These studies considered an 

energy-independent density of surface states and neglected surface recombination as well as 

the bias-dependent tunnel barrier height. Injection of free carriers across a semiconductor-

liquid interface has also considered,15 with tunnelling from the conduction or valence band 

accounted for. However, in this case the only applied bias was the constant photovoltage.  
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In this work the tunnel photocurrent into a gold surface is measured as a function of 

bias, film/surface distance and light excitation power. The GaAs film is a free-standing 

cantilever having a thickness of a few micrometers.16 We consider thin GaAs films 

photoexcited from the rear face and held at a controlled distance from the metal. This 

configuration brings two simplifications to the understanding of the results: i) Since light 

excitation is performed from the rear of the film, the injected photocurrent originates from 

electrons created near this surface which have diffused to the front surface. Unlike front 

surface excitation,17 this photocurrent does not directly depend on the width of the depletion 

layer. ii) The use of a film rather than a tip or a sharp point ensures that the contact surface is 

relatively large thereby avoiding the effects of a complex electric field distribution near the 

tip apex.13 Analysis of the results has allowed us to eliminate the effect of possible distance 

inhomogeneities so that, after correction, the metal-semiconductor interface can be 

considered as planar, in the sense of a parallel plate capacitor.  

The results are analyzed using a new model which incorporates photovoltage,10 

surface recombination18 and the energy dependence of the density of surface states19 together 

with the bias dependence of the tunnel barrier height.20 For a gold (non-magnetic) surface, 

the interpretation of the results is relatively simple as the density of empty states depends 

only weakly on energy.21 The quantitative agreement between the model and the 

experimental data demonstrates that, unlike earlier work,13 the tunnel photocurrent originates 

from the conduction band. For a large tunnel distance, the observed exponential relationship 

of the tunnel photocurrent is caused by the bias dependent tunnel barrier height. At short 

distances, the dependence becomes non-exponential and is determined by the bias-induced 

change of the surface recombination velocity.  

This paper is organized as follows. Sec. II details the model while the experimental 

results and procedure are presented in Sec. III. Comparison between the model and the 
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experimental data is found in Sec. IV whilst Sec. V presents a general discussion.  

 

II Theory 

 

The metal-semiconductor structure, described in Fig. 1, is composed of a p-type 

semiconductor film (thicknessl , bandgap EG) and a metal to which a potential V is applied, 

separated by an insulating layer of thickness d and dielectric constant εt. Light excitation 

from the rear of the semiconductor creates a population of photoelectrons in the conduction 

band, with a fraction of these electrons being injected into the space charge region at the 

interface.  

 

A Surface photovoltage and surface recombination velocity 

Neglecting the difference between the Fermi energy in the semiconductor and the top 

of the valence band, the potential barrier at the semiconductor surface, defined by the energy 

difference between the top of the valence band in the bulk and at the surface, is given by  

 sb qV−∆+= ϕϕϕ 0 .         (1) 

Here qVs is defined as the energy difference between the electron quasi Fermi level at the 

surface and the bulk Fermi level, caused by light excitation and by the application of a bias. 

(q is the negative electronic charge). The energy ϕ∆  is the shift of the electron quasi Fermi 

level with respect to midgap caused by the change of the surface charge. While a general 

calculation can readily be performed, it will be assumed that the equilibrium value of the 

surface barrier0ϕ  is equal to half the bandgap energy and that the density of surface states 

peaks at midgap.  
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 In order to calculateϕ∆ , qVs and the electron concentration 0n  at the onset of the 

depletion region three conservation equations are used. The first is the charge neutrality 

equation, 

0=++ ssscm QQQ δδδ ,        (2) 

where the three terms are the departures from equilibrium of the charge densities at the metal, 

at the semiconductor surface and in the semiconductor depletion layer. The two conservation 

equations for the electron and hole current densities are: 

      rtep JJJ =−           (3) 

and 

     thr
s

s JJ
kT

qV

kT
JJ −=







 −∆−= 1)exp()exp(0

ϕ
,     (4) 

where pJ  is the photocurrent density injected into the depletion region and rJ  is the current 

density for electron-hole surface recombination. The tunnel current densities teJ  and thJ  

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

from the metal to empty states of the semiconductor, respectively. sJ  is the majority carrier 

Schottky current.9 Here )exp( 02**
0 kT

TAJ
ϕ

−=  is the usual saturation current density where 

**A  is the effective Richardson constant, T is the temperature and k is the Boltzmann 

constant.  

The calculation of the tunnel current can be simplified if pte JJ << . This assumption 

is valid provided the tunnel gap is not too small and will be justified below by comparison 

with the experimental results. In the opposite extreme case, the tunnel photocurrent is equal 

to the injected photocurrent (Jp) and the photovoltage is small. Similarly, it will be assumed 

that thJ << sJ  . 
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 As shown in Appendix A, the expressions for 0n  and for Jp, obtained from a 

resolution of the one-dimensional diffusion equation in the semiconductor bulk, are 

00 Nn β=            (5) 

and 

βSqNJ p 0=           (6) 

respectively, with 

 ( ) 1/1 −+= dvSβ .         (7) 

The effective electron concentration 0N is proportional to the light excitation power and the 

diffusion velocity dv is proportional to the ratio of diffusion constant and diffusion length. 

Neither quantity depends on the surface recombination velocity S or bias. Their expressions 

are given in Appendix A.  

Using sp JJ =  and further assuming in Eq. (4) that 1>>kT

qVs

e , Eq. (6) becomes 

)1ln(* βϕ −+∆+= kTqVqV ss .       (8) 

The quantity Vs
*, defined by )/ln( 00

* JNqvkTqV ds =  is the usual value of the photovoltage 

( )/ln( 0JJkT p ) in the limit where S >> vd. With respect to most studies performed using 

light excitation at the front surface,10 the transmission geometry strongly simplifies the 

expression for the surface recombination dependence of the photovoltage. Assuming 

thermodynamic equilibrium between bulk and surface, it is straightforward to calculate the 

electron concentration sn at the surface. This concentration mostly lies at the energy of the 

lowest quantized state in the surface depletion layer. Here this energy lies above the bottom 

of the conduction band and is written f*
φb where22 

[ ] 3/2

3/1222

* 4/3
2

1
*

π
ϕ 













≈

m

Eq
f eff

b

h

       (9) 
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and 
eff

E is the surface electric field. Assuming that the quasi Fermi level position is 

independent of space10, 23 and using Eq. (4) and Eq. (5) one finds 

*

2**
0

2** f

s TA

qSn

qS

TA
n 




= .        (10) 

The surface recombination velocity is obtained from Eq. (3). Neglecting recombination in the 

depletion layer and considering the usual Stevenson-Keyes expression for Jr,
 18, 24 this 

equation is written 

 
( )

( ) ( )∫ +++
−

= Fn

Fh

s
E

E
tsspptssnn

kTqV
ipnpn

T dE
ppvnnv

envv
ENSN

σσ
σσ

β
1

)(
/2

0     (11) 

It is assumed that the density of surface states )(ENT has a maximum )0(TN at midgap and a 

typical width 0.2 eV.19 Here, nσ  and pσ  are the electron and hole capture cross sections, of 

respective velocitiesnv  and pv  and ni is the intrinsic electron concentration. The quantities sp , 

stn  and stp are respectively the surface hole concentrations and the values that sn  and 

sp would have if the surface Fermi level were at energy E. 

As bulk and surface are in thermodynamic equilibrium, the second term in the 

denominator of Eq. (11) is generally smaller than the first one. This also implies that hole 

recombination processes are less efficient than electron ones and that the occupation 

probability is close to unity for all states lying between the two quasi Fermi levels.25 As a 

result, the only states which contribute to surface recombination are in a relatively narrow 

range of typical width kT situated near EFn. Using the standard room temperature value of the 

intrinsic density of states of the conduction band, one finds that tss nn >> , so that  

)(/)exp(0 ϕϕ ∆∆−= D
kT

SS ,        (12) 
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where )( ϕ∆D  is the relative surface state density at energy ϕ∆ . The equilibrium surface 

recombination velocity is given by kT
rT eJqNJS

0

)/( 0
*2

00

ϕ

= , where akTNN TT /)0(* =  is an 

equivalent volume concentration of defects and ( )piipr annqvJ σ=0 . The thickness a of the 

surface only plays a role for the homogeneity of *
TN  and 0rJ .   

Expressing mQδ  using Gauss’s theorem, ssQδ  by an integration on surface states, and 

taking account of the contribution to scQδ  of conduction electrons,10 the charge neutrality 

equation, Eq. (1), becomes  

  0)()0(11
0

0
0 =+














−








+








+







 −
− ∫ εε

ϕϕ
ϕϕϕ

dDqN
kT

N

n
NqW

q
VC

Fe

Fh

E

ET
bA

sb
A

b
m ,  (13) 

where 0W  is the equilibrium value of the depletion layer width, NA is the acceptor 

concentration, and dC tm /ε=  is the capacitance per unit area of the tunnel gap. Since qVs 

and the S are expressed as a function of ∆ϕ, [Eq. (8) and Eq. (12) respectively] this energy is 

the relevant quantity for calculating the tunnel currents and is found by numerical solving Eq. 

(13).  

 

B Calculation of the photoassisted tunnel currents 

 The tunnel current densitytJ  is generally the sum of three contributions describing 

respectively tunnelling of photoelectrons from the conduction band ( )tbJ , from surface states 

( tsJ ), and of the current from the valence band (tvJ ). Electron tunnelling between the 

conduction band and the metal occurs by conservation of the parallel electronic momentum 

and of the total energy.26 In addition to the electronic perpendicular momentum, the tunnel 

probability depends on the spatial average of the tunnel barrier, which itself depends on 

bias.20 As discussed in Appendix B, the tunnel probability is a function of energy above the 
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conduction band edge. The majority of tunnelling electrons have a nonzero energy, written 

bfϕ  where f ≥  f* is a number a priori distinct from f* and defined by the lowest quantized 

state [Eq. (9)]. For Jtb one then obtains 








−=
kT

qV
SNJJ tbtb

ω
exp)(*0        (14) 

where  

*
02

b

kT

d

d

Φ
=ω ,         (15) 

)21(

2**
0

0

2**
* )(

ff

TA

qSn
W

qS

TA
SN

αω −+








=        (16) 

and 

 [ ] ( )







 −−Φ
−=

kT

f
EKJ b

mbtb
0

*
0 )21(4/

exp
ϕωρ       (17) 

are respectively the reduced distance, the surface electron concentration and a factor 

independent of bias and light excitation. The other quantities are md 2/0 h= , 

[ ] 2/)21( 0
* ϕχ fEGmb −+−+Φ=Φ and E= Eg-(1-f)φb +qV, the energy of tunnelling electrons 

with respect to the metal Fermi level. The quantity α, defined in Eq. (B4), is the fraction of 

perpendicular to total kinetic energy. Kb, defined by Eq. (B5) is a constant. The exponential 

factor in Eq. (14) is due to the bias dependent tunnel barrier, while the bias dependence of 

)(* SN  reflects the changes of the surface recombination velocity.  

The tunnel current from surface states is obtained by integration over energy ε with 

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

finds  

( )[ ]
( )

εεωερϕω ϕ

ϕ
d

kT
DEEKVVq

kT
ANJ s

VVq smss
s

Tts
s

)
2

exp()()()(exp)0( ∫
∆

−+∆





 ∆+−−=

 (18) 
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where ( )0
*

2

1 ϕχ ++Φ=Φ ms , 
*

02
s

s

kT

d

d

Φ
=ω , [ ]0

* /2exp ddA sΦ−=  and 

ss qVE +∆−= ϕε . Taking account of Eq. (8), this expression becomes 

εεωερω ϕ

ϕ

ω

d
kT

DEEK
J

qSn

kT

Vq
ANJ s

VVq ms
s

Tts
s

s

)
2

exp()()()(exp)0(
)(

0

0
∫

∆

−+∆














−= .       (19) 

In this expression it is noted that the dependence on light excitation power is mostly 

contained in the term [ ] sJqSn ω
00 / .  

The tunnel current from the valence band can also be modulated under light excitation 

since the photovoltage modulates the energy of the top of the valence band at the surface. 

This equivalent photocurrent appears as soon as qV > φb and is given by  

v
vv

qV

vmvv

v
tv

d
kT

DEG

J

qSn

kT

qV
JJ

b

v

ts

εεωερε

ω

ϕ

ω

)
4

exp()()()(

exp

0

0

00

⊥−
−
















−=

∫

   (20) 

where 
*

02
v

v

kT

d

d

Φ
=ω , [ ] 2/0

* ϕχ +++Φ=Φ Gmb E  and 












 Φ
−=

0

*
0 2

exp
d

d
KJ v

vtv
. The 

density of states per unit surface is ( ) vcv mD εε 2/32* /2)( hl= , where cl  is the coherence 

length. vK  gives a measure of the tunnel matrix element and )( vG ε  is a slowly varying 

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

for surface states, the power dependence of this current is given by the third factor of Eq. (19) 

and is of the form vN ω
0  where vω  is smaller than sω  because of the larger value of the tunnel 

barrier. 

.  

III Experimental 
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A Experimental system and procedure 

We have used free-standing, 3 µm thick, cantilever patches of p+ GaAs (doping 

≈1018cm-3) deposited on fused silica substrates with the cantilever overhanging the substrate. 

These devices have been fabricated using an original microfluidic assembly process 

developed by some of the authors.16 No preliminary surface treatment was given to the 

cantilevers before the experiment. The cantilevers were excited by a laser diode at 1.59 eV, 

of power 5 mW, focussed to a spot of 20 µm diameter. The laser beam reflected by the 

cantilever was also detected by a quadrant photodiode which permits the measurement of the 

force between cantilever and the surface and therefore to characterize the mechanical contact. 

Freshly made, atomically smooth, Au surfaces, fabricated using an electrochemical technique 

described elsewhere,27 were used for the experiments.  

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

)2000/exp(10 setIxnAI =  for a cantilever bias Vset (set here to -1.5V). The value Iset is 

adjusted using the feedback control system between values situated between -3000 and 

+3000 and determines the tunnel distance if quantities such as the dielectric constant of the 

tunnel gap are constant. After stabilization, the feedback loop was opened and two rapid bias 

scans were performed, one in the dark and the other one under illumination. This procedure 

allows us to measure both the dark current Idark and the additional tunnel current Iph due to 

light excitation as a function of bias.  

In the following we show the bias dependences as a function of Iset rather than of the 

tunnel distance which is not known accurately. Fig. 2 shows the dark current as a function of 

bias, while Fig. 3 shows the absolute value of the additional photocurrent. For a positive bias, 

the photocurrent has the opposite sign and is due to tunnelling of holes to occupied states of 

the metal. This process, which will not be discussed here, compensates the electron 

photocurrent at a bias of about 0.2 eV which is therefore not directly related to the standard 
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photovoltage. Fig. 4 shows the atomic force between the cantilever and the metal surface. 

Finally, the photocurrent as a function of light excitation power, for an applied bias of -1.5 V 

is shown in Fig. 5. This figure shows a power law with an 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 Fig. 3 allow us to distinguish two 

regimes as a function of Iset. As seen in Fig. 2, for Iset ≤  0, the photocurrent behavior is very 

close to exponential, with a slope which decreases with distance between Curve a and b and 

increases again between Curves b and c. For larger values of Iset the photocurrent increases 

more slowly than exponential. The limit between the two behaviors approximately coincides 

with the onset of mechanical contact which, as seen in Fig. 4, occurs between Iset =0 and Iset 

=1000. In forward (positive) bias, it is possible to define an ideality factor n since the dark 

current exhibits exponential behavior according to exp(qV/nkT). Fig. 2 shows that for Iset < 0, 

in agreement with Ref. (32), the ideality factor decreases with increasing Iset. For Iset 0≥  the 

slope of the exponential is constant which shows that the capacitance mC of the tunnel gap is 

constant. The overall variation of the ideality factor is from 2.7 to 1.5.  

 These results can be given a simple explanation, summarized in the inset of Fig. 4: 

before mechanical contact the tunnel distance and therefore the ideality factor decrease with 

increasing Iset. Once mechanical contact is established the bias dependence of the tunnel 

photocurrent becomes a sum of a contact contribution, characterised by a fixed distance, 

together with a non-contact contribution. The relative importance of each contribution 

depends on the ratio of the two areas and thus on Iset. Support for this hypothesis is shown in 

Fig. 6 where for Iset 0≥ , the photocurrent and the dark current are decomposed as the sum of a 

contribution independent on Iset and of a fraction α of the signal obtained at Iset = -1000. This 
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is the highest Iset value giving an exponential bias dependence of the tunnel photocurrent. In 

reverse (negative) bias, both the tunnel photocurrent and the dark current bias dependences 

are nearly independent of Iset. Further, the dark current is now exponential as a function of 

forward (positive) bias over as much as 4 orders of magnitude. The value of α is given in 

Table 1. This value gives a measure of the relative area of the non-contact part to the contact 

one and, as expected, decreases upon increasing Iset. In contact it is interesting to note that a 

bistability of the atomic force is observed (see Fig. 4). This bistability is correlated with a 

bistability of the tunnel photocurrent and can be corrected in the same way as above using 

two distinct values of α as shown in Table 1 for Iset = 3000. For the following analysis only 

the smallest value of α will be considered for each value of Iset. 

The corrected results are summarized in Fig. 7 which shows the bias dependence of 

the tunnel photocurrent in the contact regime and in the non contact regime as a function of 

Iset. The ideality factor, also shown in Fig. 7, increases from a nearly constant value of 1.5 in 

contact to 2.7 at large distances. These results are free of possible contact inhomogeneities 

arising from the large contact surface area and reveal the tunnel characteristics of a purely 

two-dimensional contact considered in Sec. II.  

 

IV Interpretation  

 

Since the model described in Sec. II contains a relatively large number of parameters, 

we have chosen reasonable values of several parameters from the literature. These are given 

in Table 2 and no attempts have been made to adjust them. The values of the surface 

recombination velocity S0, the diffusion constant D, the diffusion length L and the bulk 

recombination time, τ,  are summarized in Ref. (8). The values of N0 and vd, calculated using 

Eq. (A3) and Eq. (A4) were taken equal to 2 x1022 m-3 and 1600 m.s-1 respectively. The 
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energy dependence )( ϕ∆D of the density of surface states is approximated by a Gaussian 

profile of width σ, estimated to be 0.20 eV,19, 28 whereas for ϕ∆  larger than σ, the tails of the 

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

)0(TN  has been found to range from several 1017 eV-1m-2 up to larger than 1018 eV-1m-2.19, 28 

Here we take )0(TN = 6x1018 eV-1m-2 as implied by the slopes of the bias dependences at 

large distance and discussed in Sec. IVB below. Since Cm and ω depend on the width of the 

tunnel gap, their values are adjusted for each spectrum whilst maintaining constant values of 

*
bΦ , and *

sΦ . Using Eq. (16), we take the exponent of the experimental power dependence of 

the photocurrent for the factor f (≈ 0.4). For simplicity we take f*= f, thus assuming that 

tunnelling of photoelectrons occurs from the first quantized state in the depletion layer.  

In the following, we outline the physical mechanisms underlying the tunnel 

photocurrent from a semiconductor into a metal.   

  

A Tunnel currents from surface states and from the conduction band.  

The relative values of tsJ , tvJ  and tbJ  depend on the tunnel matrix elements which 

are unknown, so that the magnitudes of these currents cannot be conclusively determined. 

However, the experimental evidence presented here is at variance with the model of Jansen et 

al.13 in that the tunnel photocurrent from surface states and from the valence band are 

negligible with respect to that from the conduction band.29 This is most apparent for the 

following two reasons: 

a) The predicted excitation power dependences of tsJ  and tvJ  are very weak and 

cannot explain the experimental results. Recalling that β << 1 at large distance, it is seen from 

Eq. (19) and Eq. (20) that these dependences are dominated by that of 
s

N
ω

0
 and 

b

N
ω

0
. The 
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exponents ωs and ωb are of the order of 1x10-2 and are more than one order of magnitude 

smaller than the experimental values. Even larger discrepancies are found in contact.  

b) The bias dependences of tsJ  and tvJ  cannot interpret the data. This is shown in 

Fig. 8 for the extreme case of Curve a and Curve d in Fig. 7. The bias dependence of tvJ  

exhibits a threshold near -0.4 V and nonexponential behavior which does not interpret the 

data at large distance. Conversely, because of the nonlinear integral of Eq. (18), tsJ  is almost 

independent of bias in contact and cannot interpret the experimental data. Even a strong 

modification of the tunnel parameters cannot account for the experimental results.  

 

B Tunnel current from the conduction band  

Comparison of the experimental results with the bias dependences oftbJ , calculated 

using Eq. (14) are shown in Fig. 7. Very good agreement with the experimental results is 

obtained. The values of mC  and ω  used in the comparison are given in Table 2. Both of them 

increase with decreasing Iset, which reveals an increase of the tunnel distance. Fig. 9 shows 

Curves a and d from Fig. 7 along with the calculated bias dependences of )(* SN  and 

( )kTqV /exp ω−  which appear in Eq. (14). While the exponential factor accounts for the 

bias dependence of the tunnel barrier height, )(* SN expresses the bias-induced decrease of 

the surface recombination velocity which, according to Eq. (9), produces an increase of the 

concentration of tunnelling electrons.  

At large distance, the bias dependence of the tunnel current is due to that of the tunnel 

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

(12) simplifies into  

[ ] [ ]*
2

**

)0( s
T

m
s VVq

Nq

C
VVq

t
−=−−≈∆ γϕ .       (21) 
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ϕ∆  is smaller than the width σ of the surface density of states so that the electron quasi 

Fermi level is still pinned near midgap. The linear bias dependence of ϕ∆  induces an 

exponential dependence of the tunnel photocurrent, proportional to exp(-V/Vph), where 

ωγ += *
t

phqV

kT
.         (22) 

The second term of Eq. (22), given by Eq. (16), is proportional to d and expresses the bias 

dependence of the tunnel barrier. The first term, which is proportional to d-1, reflects the 

dependence of the tunnel barrier onϕ∆ . The observed decrease of the slope for Iset increasing 

between -2500 and -2000 implies that the exponential increase of the tunnel current is 

determined by the bias dependence of the tunnel barrier and that ωγ <*
t . The subsequent 

increase between -2000 and -1000 suggests that d is now small enough so that ωγ >*
t . The 

condition ωγ ≈*
t  implies that the value of ω  is given by the measured exponential slope at 

large distance. Using the values of mC  and ω  given in Table 2, one finds that )0(TqN should 

be of the order of several 1018 eV-1.m-2 which is indeed the case.  

At small distances, ϕ∆  increases because of the larger value of the tunnel capacitance 

mC . ϕ∆  can become larger than the width σ of the band of surface states which induces an 

unpinning of the surface Fermi level and a decrease of the surface recombination velocity. 

The bias dependence of the tunnel current is now caused by the increase of the electron 

concentration ns which, as seen in the top panel of Fig. 9 is as large as three orders of 

magnitude. 

 

V Discussion  

 

A Effects of interface chemistry 
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The values of the parameters used in the analysis suggest that the natural oxide layer, 

originally present at the surface, has been at least partially removed. For a Schottky barrier 

composed of gold deposited on naturally-oxidized GaAs, one finds a value of ε0/Cm= d/εt≈1.5, 

about 2 orders of magnitude larger than the one measured here in contact.30 As shown for InP, 

the oxide may have been removed by an electrochemical reaction at cathodic potentials.31  

Taking *
bΦ  ≈ 4 eV in Eq. (15) one finds that the distance d ranges between 1.1 nm to 

0.45 nm in the non contact regime and is about 0.28 nm in contact. The resulting values of the 

dielectric constant of the interfacial layer εt are shown in Fig. 10 as a function of distance. εt is 

equal to ε* ≈ 30 in contact which suggests the partial formation of a molecular film of water 

(dielectric constant 80 and thickness d* 
≈ 0.28 nm) between the semiconductor and the metal. 

If *dd > , one expects the effective dielectric constant to be given by 

( )[ ] 1**** −−+= εεε ddddt . As shown in Fig. 10 for the non contact regime, the 

correspondence between the calculated dependence of tε  and the data is unexpectedly good, 

given the uncertainties in most parameters used in the calculation.  

 

B Dark current  

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

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

by 9, 32  

( )
dd

Tsm

Ts

qNWC

NqW

n
αηα

ε
ηε

−≈−
++

−+
−=

)0(/

)0(1/
1

1
     (23) 

where η and 1- η are the fractions of the total number of states for which follow the metal 

statistics and the semiconductor statistics respectively. Comparison of the model with the data 

as discussed in Sec. IV.B shows that ( ) )0(1/ Ts NqW ηε −<<  and )0(Tm qNC <<  which 
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leads to the approximate expression in Eq. (23). Fig. 10 shows the dependence of n-1 

on mC/0ε , where the value near zero corresponds to the contact situation. 

Under reverse (negative) bias, ϕ∆  and sqV are found by numerically solving the 

current and charge conservation equations and the dark tunnel current from surface states is 

given by Eq. (18).33 Current conservation implies that the tunnel and Schottky currents are 

equal. For the Schottky current, in order to take account of additional processes contributing 

to the ideality factor, one replaces 0ϕ  by *
0ϕ  which depends on the barrier change sqV−∆ϕ . 

For a large bias range we write to second order 

2'
0

*
0 )()( ϕαϕαϕϕ ∆−+∆−+= ss qVqV

dd
      (24) 

In the charge neutrality equation, in addition to ns = 0, the term δQss must take account of the 

two types of surface states used in forward (positive) bias. The dark current and ideality 

factor depend on the following additional parameters: i) η . ii) 
d

α  and '

d
α iii) The tunnel 

matrix element Ks defined in Eq. (18). Since this equation uses the product Ks )0(TN , the 

quantity )0(TN  will be replaced by an effective density of states )0(d
TN  taken here as 8x1017 

eV-1.m-2.  

The dependences of the dark current under reverse bias were calculated using the 

same parameter values as for the photocurrent as well as imposing 1−=− ndαη  from Eq. 

(23). The dependences of η  and dα on ε0/Cm are shown in Fig. 10. As shown in Table 2, '

d
α  

is only significant in contact and has very small values of the order of 10-3 V-1. The bias 

dependences of the dark current under reverse bias, shown in Fig. 7, accounts very well for 

the experimental results. The calculations also suggest that, as expected,34 the quantity η  

decreases with increasing distance from a value of about 0.84, while the residual ideality 

factor 1)1( −− dα  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 conduction band tunnel from the first 

quantised level ( f ≈ f*). The power dependence of the tunnel photocurrent gives f ≈ 0.4. The 

bias dependence of f * was calculated using Eq. (9), neglecting the modification of the surface 

electric field due to the photoelectrons in the depletion layer: f * is approximately constant and 

varies from 0.38 (a value close to f) to about 0.25 as a function of bias. In view of the 

numerous quantities which play a role in defining the value of f it is concluded that taking f ≈ 

f* is a valid approximation. 

 At small distances, image charge effects might further modify the bias dependence of 

the tunnel photocurrent.20 However, the characteristic energy for evaluating the magnitude of 

these effects )8/()2ln( dq tπελ = , of the order of 0.4 eV for tε = 0ε  and d = 1nm, is smaller by 

one order of magnitude than the effective tunnel barrier height *
bΦ . As seen in Ref. (20), the 

the tunnel barrier decreases with bias so that image charge effects should induce a super-

exponential increase in the tunnel photocurrent. This is at odds with the experimental results 

obtained at small distance.   

In order to obtain analytical expressions of the tunnel current, this current has been 

neglected with respect to the photocurrent and Schottky currents. This assumption is certainly 

valid at large distance, in which case the tunnel photocurrent is small. In contact, the 

photocurrent dp vSqNJ /0≈  decreases because of the reduced surface recombination 

velocity and could become a lower limit value for the tunnel photocurrent ( pt JJ = ). 

However, the latter hypothesis can also be excluded because, in contradiction with the results 

of Fig. (5), the resulting power dependence of the tunnel current should be quite different 

from that obtained at large distance. 
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VI Conclusion 

 

 We have developed a general model for describing the bias and distance dependence 

of the tunnel photocurrent from a thin free-standing GaAs film photo-excited from the rear 

surface and a metallic surface. Based on current and charge conservation equations, this 

model predicts that the tunnelling current can depend on bias via the bias dependence of the 

tunnelling barrier and also because application of bias changes the position of the electronic 

quasi Fermi level at the surface and therefore the effective density of states for surface 

recombination. Both the tunnel currents from the conduction band and from surface states 

have been calculated.  

 This model was compared with experimental data of tunnelling injection into gold 

surfaces, for which the density of empty states depends only weakly on energy. All results, 

including tunnel photocurrent, ideality factor and dark current under reverse bias, are 

satisfactorily interpreted by identical values of the parameters, close to the values found in 

the literature. The values obtained for the width and dielectric constant of the tunnel gap are 

also reasonable. The model and experimental results indicate that:  

- The dominant part of the tunnel photocurrent comes from the conduction band.  

- At large distance, the bias dependence of the tunnel current is interpreted as a bias 

dependence of the tunnelling gap while, at smaller distance, the bias dependence of 

the surface recombination velocity plays a dominant role.  

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

tunnel photocurrent data. 
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Appendix A: Expressions of vd and N0.  

The charge diffusion equation is of the form 

 0)exp(
2

2

=−+−
∂
∂

zg
n

z

n
D αα

τ
       (A1) 

where g is the density of impinging photons per unit time, α is the light absorption 

coefficient, τ  is the bulk photoelectron lifetime and D is the diffusion constant. For a planar 

sample of thickness l , the general solution of Eq. (A1) is  

 
( )

zLzLz e
L

g
BeAenn α

α
ατ −−

−+ −
++=+

2
//

1
      (A2) 

where τDL =  is the electron diffusion length. Using )0('
0

nS
z

n =
∂
∂

 and 0Sn
z

n
D

W

−=
∂
∂

−l

as 

boundary conditions, one finds that the electronic concentration 0n at z=l -W and the 

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

( )
[ ]

)/()/()/'(

)/'(

120 LShLChDLS

LDLSL

L

g
N

ll +
−+−

−
= υαµυµα

α
ατ

     (A3) 

 
)/()/'()/(

)/()/()/'(

LdShDLSLdCh

LdShLdChDLS

L

D
vd +

+=       (A4) 

where the quantities µ and υ are given by  

)/()/(1 LSheLChe ll
ll αα νµ −− =−=       (A5) 

For an unpassivated rear surface, one has )/(/' LThDLS l>>  and [ ] 1)/(/' −>> LThDLS l  and  

 dv  = [ ] 1)/()/( −LThLD l         (A6) 

Further assuming that 1>>Lα  and neglecting for a large value of lα the light absorption at the 

front surface, one has µ ≈1 and υ = 0 and  

)/(0 LLSh

g
N

l

τ≈           (A7) 
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Appendix B: Tunnel current from the conduction band 

We first write, for a given energy cε above the bottom of the conduction band, the 

conservation of the perpendicular electronic momenta k⊥, in the conduction band ⊥κi in the 

tunnel gap and '
⊥k in the metal.κ is related to the electron mass m by ⊥−Φ= cm εκ 2/22

h where 

mkc 2/22
⊥⊥ = hε is the fraction of the energy cε above the bottom of the conduction band 

corresponding to a kinetic energy perpendicular to the surface. The spatially-averaged value of 

the tunnel barrier Φ  for electrons at the bottom of the conduction band depends on bias.20 

Neglecting image charge effects, it is given by  

 [ ] 2/qVEbm +−+Φ=Φ χ         (B1) 

where mΦ  and χ  are respectively the metal work function and the semiconductor affinity and 

bE  is the energy of the bottom of the conduction band at the surface. The momentum '
⊥k is 

obtained by expressing conservation of energy and of parallel momentum. Assuming 

that 1)2exp( <<− dκ , one finds that the tunnel probability is proportional to 

)2exp()( dG c κε − where 

( ) 2''22'

2

)/kk(kkk

k

'
)(

κκ
ε

⊥⊥⊥⊥⊥

⊥

+++
=

k

k
G c       (B2) 

The tunnel current also depends on the product )()()(*
ccsm WnEK εερ where *K  is a constant, 

)(Emρ is the metallic density of states at the corresponding energyE . Here )( csn ε  and 

)( cW ε are the volume density of the electron concentration and the width of the depletion zone 

at energy cε . Thus, )()( ccs Wn εε is a concentration per unit area. One has finally, to first order 

in Φ/cε , 

c
cc

cccmstb d
kTd

d
GWEddnKJ

b εεεερεερ
ϕ

∫ −
Φ

Φ−= ⊥

0
0

0
* )exp()()()()()/2exp(  (B3) 
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where md 2/0 h= . For simplicity we only retain here the electrons which have the largest 

contribution to the integral of Eq. (B3). Because )()( cc GW εε  increases with cε  and because of 

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

will be written bfϕ  where f is quite generally larger than f* defined in Eq. (9). Using Eq. (1) and 

Eq. (8), one finds
f

bc

TA

qSn

kT

f

kT 






=






−≈−
2**

0exp)exp(
ϕε

. The first exponential factor in the 

integral of Eq. (B3) is written 
Φ0d

dcαε
 where  

cc εεα /⊥=            (B4) 

Since the barrier value will be found weakly dependent on both bias and light excitation power, 

the product )()()( ccc GW ερεε  will be taken as constant and incorporated into the multiplicative 

constant, thus writing  

)()()(*
cccb GWKK ερεε=         (B5) 

Eq. (14) is finally obtained by developing Φ  to first order in qV.  
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Figures 

 

Fig. 1: Metal-semiconductor structure excited by above bandgap light from the rear and for a 

positive bias V applied to the metal. Also shown are the surface density of states, peaking at 

midgap, and the energy difference ∆ϕ between the electron quasi Fermi level EFn at the 

surface and the Fermi level EF0 far from the junction in equilibrium. The shaded areas are the 

surface states lying between the electron and hole quasi Fermi levels (for which the energy 

difference is qVs). Also shown are the metal work function, the semiconductor affinity, and 

the photocurrent (Jp) and Schottky current (Js). 

 

  
 
 
Fig. 2: Measured dark current versus bias for (a) Iset= -2500, (b) -2000, (c) -1000, (d) 0, (e) 

500, (f) 1500, (g) 2000 and (h) 3000. The exponential bias dependence of the current for a 

forward (positive) bias gives the ideality factor, which decreases up to Iset =0 and stays 
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approximately constant for larger values of Iset. The curves were rigidly shifted for clarity by a 

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

 
 

Fig. 3 : Tunnel photocurrent versus bias, defined as the additional tunnel current under light 

excitation. For (a) Iset= -2500, (b) -2000, and (c) -1000, the dependence at reverse (negative) 

bias is exponential. Progressive departure from purely exponential behavior occurs for (d) 

Iset= 0, (e) 500, (f) 1500, (g) 2000 and (h) 3000. 
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Fig.4. Atomic force between the cantilever and metal, as a function of Iset measured in the 

same experiment as the tunnel currents. For negative values of Iset, the atomic force is 

approximately constant and taken as zero. As shown inset, mechanical contact occurs for 

positive values of Iset situated between 0 and +1500. Here a clear mechanical bistability gives 

rise to two distinct values of the atomic force.  
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Fig. 5: Measured photocurrent versus light power at an applied bias of -1.5V for Iset= -

3000,(a) -2000,(b) -1000,(c) and (3000).d Also shown for reference is a power law of 

exponent 0.5.  
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Fig. 6: Corrected bias dependences of the dark and tunnel photocurrents in mechanical 

contact. The curves correspond to (a) Iset = 0, (b) 1500, (c) 2000, (d) 2500 and (e) 3000 and 

were multiplied for clarity by a factor 2 for Curve c in the dark, 4 for Curve d and 10 for 

Curve e. The bias dependence of the curves depends very little on Iset and, along with the 

improved exponential character at forward (positive) bias, shows that each curve corresponds 

to a constant tunnel distance.  

 
 

Fig. 7: Summary of the experimental bias dependences of the tunnel photocurrent (left panel) 

and dark current (right panel). The out-of-contact dependences have been obtained for (a) 

Iset=-2500, (b) -2000, and (c) -1000. The contribution of the contact to the bias dependence 

(d) was taken from the data obtained for Iset = 3000 after correction. For clarity the data for 

the tunnel photocurrent were multiplied by (b) 2, (c) 4 and (d) 10, while the multiplication 

factors for the dark current were (b) 2, (c) 3, and (d) 4. Note that the dark current is about one 

order of magnitude smaller than the tunnel photocurrent. Lines show the calculated currents 

found using the parameters in Table 2.  
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Fig. 8: Tunnel photocurrents from surface states and from the valence band calculated for Iset 

= -2500 using Eq. (19) and Eq. (20) respectively. The other fixed parameter values that have 

been used are shown in Table 2. None of these currents is able to account for the data.  
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Fig. 9: Explanation for the distinct bias dependences before and after mechanical contact. 

This figure shows the measured bias dependence of the photocurrent for Iset=-2500 and for 

mechanical contact as well as the calculated bias dependence of the second and third terms of 

Eq. (14) as calculated using the parameter values shown in Table 2. Before contact the bias 

dependence of the tunnel photocurrent is determined by that of the tunnel barrier. After 

contact the bias dependence of the surface recombination velocity plays a dominant role.   

 

 
 

 
Fig. 10: Calculated dependence on distance of the dielectric constant out of contact, assuming 

that the metal is covered by a thin layer of thickness smaller than the tunnel distance. The 

data points correspond to the values used in the analysis of the out of contact curves. The 

inset shows various parameters used in the calculation as a function of ε0/Cm. Image charge 

effects and tunnelling of majority carriers contribute to an ideality factor (1-αd)
-1 and only 

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

fraction α of the tunnel current corresponding to the largest value of Iset out of contact. This 

table shows the values of α as a function of Iset. Bistability of the atomic force (see Fig. 4) in 

contact is correlated with two distinct values of α  shown here for Iset = 3000. 

Iset 3000 2500 2000 1500 0 

α 
1  

0.7 
0.8 0.85 1 1 

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

Common parameters 

Parameter Value 
S0 / vd  62.5 

Jsat (A/m2) 6x1010 
NA (m-3) 1024 

NT(0) (eV-1.m-2) 6x1018 

)0(D
TN  (eV-1.m-2) 6x1018 

σ (eV) 0.20 
N0 (m

-3) 2x1022 
f 0.38 

 
Adjustable parameters 

Iset Contact -1000  -2000  -2500  

 ε0/Cm 

(nm)  
0.009 0.18 0.47 0.85 

ω  0.011 0.017 0.027 0.043 
'
dα  

(10-3V-1) 

30 <2 <2 Irrelevant 
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