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Abstract

The optical second harmonic generation (SH G ) from a A u/G aA s(100) Schottky banier is shown to be a direct probe o f 
the electric field dynamics near such a metal-semiconductor interface. The variation of the field induced SHG amplitude with 
the pow er and pulse widlh of the femtosecond excilation is found to be in good agreement with Monte Carlo simulations.
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1. Introduction

The problem of Schottky barrier formation at a 
metal-semiconductor interface still attracts a lot of at­
tention, as new developments in material fabrication 
and structure determination have shown that the pre­
cise interface structure plays a crucial role in determin­
ing the Schottky banier height [ 1,2]. For electro-optic 
applications, not only the static electronic structure but 
even more importantly, the dynamics near these barri­
ers is extremely relevant, as this will affect the speed 
of such devices. Recent photoluminescence studies of 
ultrafast carrier dynamics at a metal-semiconductor 
interface have shown unexpected field and laser inten­
sity dependences [3 ]. Theoretical models suggest a 
very rapid drop and possible oscillation o f the internal 
electric field at the metal-semiconductor interface as 
a result of the spatial separation of the carriers excited 
by the incident laser pulse [4]. These observations are
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very interesting and important as they happen already 
at quite moderate laser powers ( ~  10 m W ), commonly 
used in optical semiconducting devices. However, the 
photoluminescence signal is only very indirectly af­
fected by the internal field, and the results depend on 
line shape analysis and deconvolutions.

SHG in reflection from centrosymmetric semicon­
ductor surfaces and interfaces has already been shown 
to be an effective method of probing the structure 
and symmetry o f interface layers [5 -10 ]. The sur­
face/interface sensitivity in those situations is based 
on the symmetry breaking at interfaces and the SHG- 
intensity is found to be strongly dependent on surface 
orientation, defect generation, adsorption, and so on. 
Very recently, Qi et al. f 11 ] showed the capability of 
SHG to probe the bandbending region of GaAs, using a 
tunable excitation source. Lantz et al. [ 12] used SHG 
to probe the electrostatic fields at Ti(> 2  electrodes. An 
advantage of such an optical method is the possibil­
ity of probing buried interfaces, such as a transparant 
metal gate-semiconductor interface.
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In this paper we present the first results o f a fem­
tosecond SHG study of the electric field dynamics near 
a Schottky barrier interface, formed by a thin Au layer 
on top of GaAs(lOO). Measurement of the azimuthal 
SHG anisotropy in the presence of a reverse bias al­
lows a clear separation o f  bulk contributions and bias 
field induced interface contributions. The results show 
a clear bias dependence, that is suppressed at higher 
incident laser powers. To probe the time dependence 
of this interface contribution we vary the width o f the 
femtosecond excitation pulse. The rate of the suppres­
sion appears to depend on this pulse width. The field- 
induced SHG thus gives a direct probe of the field dy­
namics near a Schottky barrier interface. Similar dy­
namics studies on a semiconductor surface have been 
reported by Dekorsy et al. [ 13], employing an ultra­
fast linear electro-optic technique.

2. Theory

For an incident electric field E(<o) the SHG-field 
follows from the nonlinear polarization P(2co). In 
the electric dipole approximation P(2(o) is related to 
E(a>) and a DC electric field Z?sb(0) via nonlinear 
susceptibility tensors as:

m « )  = ( ; t f ) + *i,2)) :E(o>)E(<o)

+ + *b3>) :E( «>)*'( <o)£sb(0), (1)
where x \  and xb are the interface and bulk nonlinear 
susceptibility tensors, respectively. Since GaAs does 
not have inversion symmetry there are both bulk and 
interface nonzero tensor elements. The GaAs(lOO) 
surface has 4 mm symmetry and the three independent 
non-zero interface susceptibility elements are

and Xifat / = .v, y  [ 14,15]. For the bulk of the 43 m symmetric GaAs( 100) crystal there is only one 
independent non-zero susceptibility element x ^  ~ 
Xn-jjk with i ¥= j  ¥= k [15]. The subscripts (i,j, k) 
refer to the principal axes ( * ,) ’, z ) o f the cubic crystal, 
with z along the interface normal. The second term in 
Eq. (1 )  describes the so called electric field induced 
second harmonic generation. The DC field J?sb(0) 
has only a z -component, which we will indicate with 

After multiplication with £sb the fourth rank 
tensors in the second term of Eq. (1) reduce to third

rank tensors having the same non-zero elements as the 
tensors x p* and Xb2) [ 8 »1 1 ].

The p-component of the SHG intensity h v  reflected 
from the sample is measured for a p-polarized pump 
beam. This ho> is proportional to |£ ’pp(2w ) [ 2 and 
Epp(2co) is proportional to the nonlinear polarization 
P(2(o). Using the bulk and interface tensor elements 
E?9{2(o') is given by Refs. [15,16]:

£pp(2®) ~  f ,  (*,<2) + * S )£sb) |B (« )I2

+ / b L c o s 2 0  (* < ?>  +  x $ E s b )  | E ( ® ) | 2 .

(2)

Here f \  and /b  denote the appropriate Fresnel co­
efficients, which depend on the dielectric constants 
o f GaAs at the photon energies involved and the an­
gle o f incidence, ip denotes the angle between the 
(100) direction and the plane of incidence. For the 
bulk contributions the coefficient L represents the ef­
fective phase matching distance in the crystal. From 
Eq. (2) it follows that for the p-in, p-out polarization 
combination the bulk contribution to ho  gives a four­
fold anisotropy when the GaAs( 100) crystal is rotated 
around its interface normal, while the interface contri­
bution is isotropic. This offers a possibility to separate 
the bulk and interface contributions to h<o-

3, Experiment

The Schottky barrier sample we used for our ex­
periments, is grown on an n+ GaAs substrate. The 
actual barrier is formed by a 0.3 ¿un-thick n-type 
GaAs (doping concentration: 1017 cm "3) layer and a 
semi-transparant Gold film of 80 Â thickness, to al­
low for laser excitation through the metal top contact. 
To suppress interface recombination and provide for 
a superior optical quality the sample contains a very 
thin ( 100 Â ) intermediate undoped Al^Ga.eAs-layer 
between the metal and the depletion layer, capped by 
a 100 Â thick undoped GaAs-layer, as well as a heav­
ily doped n-type (doping concentration: 1 0 18 cm "3) 
superlattice buffer layer (100x50 Â G aA s/50 Â 
Ai.33Ga.67As) between the depletion layer and the n+- 
GaAs substrate. A voltage bias can be applied across 
the sample between a AuGeNi backside-contact and 
the top contact. Capacitance-voltage measurements
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indicate a value for the Schottky barrier height o f 
0.90 V.

For the SHG measurements we used a mode-locked 
Titanium Sapphire laser that operated at A = 770 nm 
and produced trains of 70 fs pulses at a 82 MHz rep­
etition rate. The photon energy at this wavelength is 
1.61 eV; this is above the bandgap of GaAs. The sam­
ple was subjected to radiation at a 45° angle of inci­
dence. The diameter o f the spot was about 100 /¿m. 
We measured versus the rotation angle ip of the 
sample, the so called azimuthal anisotropy, for differ­
ent reversed-bias voltages, different laserpowers, and 
different values o f  the pulse width. For these measure­
ments a stepping motor rotator is used, and extreme 
care was taken to keep the alignment of the sample 
constant while rotating or changing the bias voltage 
and the laserpower. To compress the pulses we used 
pairs of prisms as described by Fork et al. [ 17]. To 
get longer pulses, the pulses were stretched with an 
Amici-prism.

Rotation (°)

4. Results and discussion

Fig. la  shows half o f the azimuthal anisotropy for 
two different bias voltages, measured with a pulse 
width o f 221 fs and an average laser power of 5.5 mW. 
Fig. lb  shows the same, measured with an average 
laser power of 17.5 mW. The open circles present data 
at 0 V bias, the dots at - 4  V. In Fig. la  a very clear 
bias dependence o f ho, can be seen, that practically 
disappears for 17.5 mW excitation as shown in Fig. lb.

This kind of measurement was done for different 
punip-povver values ranging from 3 to 19 mW average 
pump-power, and with three different pulse widths, 
42 fs, 114 fs and 221 fs. The reversed bias voltage is 
changed from 0 V to —4 V.

According to Hq. (2) the h& can be described by:

ho ~ |Aiexp(i<£) -t-Ab c o s 2 ^ |: (3 )

The measured curves are fit to Eq. (3) with the 
following three fitting parameters: the interface am­
plitude A\, the phase angle <fi and the bulk amplitude 
Ab. With Hq. (3) we were able to fit the experimental 
data very well as is shown by the solid lines in Fig. 1.

The amplitude of the bulk contribution Ab is 
inversely proportional to the square root of the 
pulsewidth of the laserpulses and depends linearly

Fig. 1. ( a )  Azimuthal anisotropy o f the G aA s/A u sam ple for two 
different bias voltages, measured with an average laser pow er o f 
5.5 mW  and pulse width o f 221 fs. The open circles present data 
at 0 V bias, the dots at —4 V. The lines are a  fit, according to 
formula (3 ) . (b )  The same, but measured with an average laser 
pow er o f  17.5 mW.

on the average pump-power, which is directly pro­
portional to \E(g>) |2. This is the expected behaviour 
o f bulk SHG [14]. The bulk contribution appears 
to be insensitive to changes in the applied bias volt­
age. Ab only decreases by a few percent when the 
reversed bias voltage is changed from 0 V to —4 V. 
This means that X b * from Eq- (2) is independent of 
the bias voltage or pump power, and that x ^ l  equals 
zero. The interface amplitude A\ is normalised to Ab- 
Since Ab is directly proportional to \E (oj) j2 and x b2) 
is a constant, this gives for the normalised interface 
contribution A[:

Aí (4)

The maximum static electric field £ sb at the SB 
interface is calculated from the well known equation 
[18]

(5)
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Fig. 2. Bias dependence o f  (he normalised interface contribution 
m easured with a pulsewidth o f 42 fs at two different values o f 
the average laser pow er Pa , iO and 21 mW. The lines are a fit, 
according to formula (6 ) .

where Afc is the doping density, e© is &e dielectric 
permittivity, 6s is the static dielectric constant, and <P\, 
is the bandbending at the interface. The latter is given 
by: <2>b = #bO+M>> where is the bandbending when 
no biasvoltage is applied and Vi, is the absolute value 
of an applied reversed bias voltage.

From Eqs. (4 ) and (5) we expect as a function 
of Vb to be o f the following form:

A{ = C0 +  C W ^  -  Vb. (6)

Fig. 2 shows the bias dependence of A[ measured 
with a pulse width of 42 fs at two different values of 
the average laser power P 10 and 21 mW. The lines 
are a fit, according to formula (6 ) with Co and C\ as 
fitting parameters. Using formulas from Sze [18] #bO 
is calculated to be equal to 0.8 V. With Co = 0.06 the 
fit is in good agreement with our results. Ci depends 
on the average power o f the incident laser beam. This 
agreement indicates that the isotropic component is in­
deed generated at the metal-semiconductor interface.

The pump laser beam will not only generate SH but 
it also excites charge carriers since the photon energy 
is above the bandgap of GaAs. In a reversely biased 
Schottky barrier these carriers will move away from 
each other due to the internal depletion electric field. 
The resulting charge separation will cause an almost 
instantaneous collapse of this field, that will only re­
cover after some time. This means that for short opti­
cal pulses the effective bias field can be very different 
from the initial applied one, depending on the inten­
sity used. Monte Carlo simulations were performed to

Time (fs)

Fig. 3. Time evolution o f the effective bias voltage, calculated for 
an initial bias voltage o f —4 V and a regeneration time o f 10 ps for 
a number o f input powers (legends correspond to input pow er).

calculate the time dependence of the electric field for 
different values of the laser intensity. The device is 
modeled schematically as described previously [4]. 
The 0.3 /¿m-thick GaAs layer is separated from the 
Au by a barrier formed by the intermediate AlGaAs 
layer and the Schottky barrier. The applied bias volt­
age creates an interface charge at the Au film which is 
compensated for by a constant intrinsic space-charge 
throughout the whole depletion layer giving rise to a 
linearly decreasing electric field and a parabolic po­
tential. Due to its heavy doping the superlattice is as­
sumed to form no barrier for the electrons and a large 
one for the holes.

An important point to note is the following. Very 
shortly after excitation a number of holes will reach 
the top Au contact, where they neutralize the sur­
face charge, leading to a reduced field strength. In the 
case that the photo-excited charge density exceeds sig­
nificantly the intrinsic one, the applied field may be 
quenched totally by only a small part o f the excited 
holes. A similar effect occurs when the holes are col­
lected in front o f the AlGaAs barrier where they screen 
the applied voltage. It will take some time before the 
field will be restored. Based on the capacitance per 
area (520 /¿F/m 2), the size of the excitation beam 
(100 (xm) and the square resistance of the Au film 
(a few Ohms), we estimated the RC time constant of 
this process to be in order of 10 ps.

The subsequent transport and energy relaxation of 
the photo-excited carriers in the GaAs layer are com­
puted in a M onte Carlo simulation, accounting for the 
various scattering mechanisms. Both electron-heavy
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Power (mW)

Fig. 4 . Power dependence o f the normalised interface contribution 
A's m easured at - 4  V  bias with a  pulsewidth o f 221 fs and 42 fs. 
The lines are to guide the eye.

and electron-light hole pairs are considered, including 
hole inter-band transitions. We used a Gaussian pulse 
width for the exciting laser pulse.

Obviously the photo-excitation gives rise to a space- 
charge field. Directly after excitation, when the elec­
trons and holes are still close to each other this field 
is zero. However, as soon as the electrons and holes 
start to move as a result o f the applied field, a coun­
teracting electric field will be build up. To account for 
this space-charge effect the Poisson equation has been 
solved in one dimension every 1 fs of the calculation. 
Fig. 3 depicts the calculated time evolution of the ef­
fective bias for an initial bias voltage of - 4  V using 
a regeneration time of 10 ps.

In Fig. 4 the power dependence of A{ measured at 
—4 V bias and with pulsewidths of 42 fs and 221 fs 
is plotted. This figure shows that A[ decreases as the 
average laser power is increased. This is expected for 
the effective bias as can be seen in Fig. 3. In the exper­
iment one laser pulse generates the carriers and also 
probes the field by generating the electric field induced 
SHG signal. So the time resolution of the ‘probe’ is 
of the order of the pulse width. The decrease of A[ in 
Fig. 4 is more drastic for 221 fs pulses than for the 
42 fs ones, indicating that for very short pulses, the 
system is still close to the initial situation. This is in 
agreement with the simulation in Fig. 3.

5. Conclusion

generation in reflection is a useful tool to probe the 
electric field at a metal-semiconductor interface. By 
selecting the proper polarization combinations the in­
terface and bulk contributions to the SHG signal o f a 
A u/G aA s( 100) Schottky barrier are easily separated. 
It appears that the bulk second order susceptibility is 
independent of the bias voltage or the laser intensity. 
The normalised interface contribution appears to be 
proportional to the static electric field at the Schottky 
barrier interface. The power dependence of ¿4̂  is in 
qualitative agreement with Monte Carlo simulations. 
Future work is to measure the electric field dynamics 
with a time-resolved pump-probe technique.
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