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Evidence for a photocurrent Fano resonance in an artificial nanostructure

Tiziana dell’Orto, M. Di Ventra, J. Almeida, C. Coluzza, and G. Margaritondo
Institute de Physique Appliquée, Ecole Polytechnique Fédérale, PH-Ecublens, CH-1015 Lausanne, Switzerland
(Received 5 May 1995)

We present internal-photoemission (photocurrent) experimental evidence for a Fano resonance at an n-p
GaAs homojunction with a 0.5-ML Si intralayer (& doping). This is one of a very few cases in which Fano
resonances have been observed in artificial nanostructures. Our results show that this fundamental class of
phenomenona plays a relevant role in band-gap engineering, by affecting the transport and phototransport

properties of &~doping nanostructures.

Fano resonances are a fundamental class of phenomena in
molecular and solid-state physics.l'2 They are observed
whenever an electromagnetic excitation involves discrete
electronic states interacting with one or more continua. Char-
acteristic Fano spectroscopic line shapes have been observed
in a large variety of atomic, molecular, and solid-state
systems.>™> Many theorists did predict Fano resonances in
artificial systems, and emphasized their potential technologi-
cal applications. We note, in particular, that Maschke, Tho-
mas, and Gobel® in 1991 predicted Fano resonances in
quantum-well structures and, in agreement with Harris,” em-
phasized their importance in phenomena such as “lasing
without inversion.”®

Only recently, however, have phenomena of this type
been observed in artificial structures, specifically quantum
wells.*> We present evidence for a Fano resonance in a dif-
ferent class of artificial nanostructures, homojunctions with
8-doping-induced band discontinuities. Our results indicate
that phenomena of this type cannot be ignored when model-
ing the behavior of band-gap engineering nanostructures,’
since they significantly affect the transport, phototransport,
and optical properties.

We used a thin (0.5 ML) Si intralayer in a GaAs homo-
junction to create an artificial dipole that changes the align-
ment in energy of the two band structures of the two sides of
the junction. This results in a valence- (and conduction-)
band discontinuity of 0.37+0.04 V.2 The potential pro-
file of the Si-modified structure is schematized as a triangular
well (see Fig. 1).

The low-temperature internal photoemission-spectra of
this structure exhibit two peaks. One is attributed to a reso-
nant state produced by the potential triangular shape [state A
in Fig. 1(b)]. The second is interpreted as a Fano resonance
produced by a localized state, ~0.34 eV below the n-type
GaAs conduction-band edge [B in Fib. 1(b)], which couples
with the continuum. The presence of state A is evidence for
the Si intralayer-induced band discontinuity in the GaAs ho-
mojunction. Experimental tests supported by a theoretical
analysis of the triangular well show that state B is not a
resonant state of the potential well but is instead located in
the junction’s n-side gap.

We explain the Fano resonance by assuming for state B a
localized character, and taking into account its interaction
with the conduction-band continuum. On these assumptions,
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we were able to theoretically reproduce the characteristic
Fano line shape of the spectral feature caused by state B.

The nanostructures were grown by molecular-beam epi-
taxy on p*- ype GaAs(100) substrates covered by 1 um
of p=1x10'" cm™3 GaAs (grown at 580 °C). 0.5 ML of Si
(1 ML = 6.25X10" cm™2) was deposited at T=500 °C,
followed by 9 A of GaAs grown at 250 °C, to reduce Si
diffusion in the subsequent n overlayer. The n overlayer (0.5
um, n=1%107 cm™3), was grown at 580 °C; a final
n-doped GaAs layer (110 A, n=5%10'® cm™3) was added
to facilitate the Ohmic contact formation. The maximum un-
certainty in the GaAs-layer thicknesses was 20%, therefore
irrelevant to our conclusions; the Si-layer thickness was even
more accurate.

0.5 ML Si a)
p-GaAs n-GaAs
substrate i overlayer
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FIG. 1. Band diagram of our n-type GaAs/0.5-ML Si/p-type
GaAs nanostructure. (a) The Si intralayer creates artificial disconti-
nuities AE, and AE, in the conduction and valence bands. (b)
Enlarged view of the interface, with the two resonant states A and
B. The depletion lengths w,, ,w,, and the potential drops V,,,V, are
also shown.
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FIG. 2. (a) Photocurrent vs photon-energy spectra at room tem-
perature for n-type GaAs/p-type GaAs homojunctions with and
without a Si intralayer. (b) Square-root plot of the background-
subtracted spectrum in the region of the second threshold.

Internal photoemission spectra were taken by illuminating
the sample from the overlayer side with monochromatic light
and measuring the photocurrent across the junction as a func-
tion of the photon energy,'%12 in the range 1.35-2.2 eV. The
photon source was a tungsten lamp coupled to a double-
grating monochromator. A chopper modulated the light, and
the correspondingly modulated photocurrent was detected
with a lock-in amplifier (a beam splitter and a PbS photo-
diode detector provided the reference signal). Spectra were
taken at room temperature and at liquid-nitrogen tempera-
ture. For reference, internal photoemission spectra were
taken not only on the structures with Si intralayers but also
on equivalent structures without intralayers.

Figure 2(a) shows the room-temperature spectra of a ref-
erence nanostructure without intralayers and of a Si-
intralayer-modified structure. The first threshold at ~1.41 eV
is due to optical transitions from the top of the valence band
to the bottom of the conduction band and corresponds to
GaAs gap width. We obtained 1.41+0.2 eV for both struc-
tures, in agreement with the literature GaAs gap width.

The second threshold at =1.78 eV, emphasized by the
plot of Fig. 2(b), is present only in the spectrum of the Si-
modified system. It is due to the excitation from the p-side
valence-band edge to the n-side conduction-band edge,
across the artificial band discontinuity created by the Si in-
tralayer. The difference between the two threshold energy
positions corresponds to the conduction-band discontinuity
AFE_., which also equals the valence-band discontinuity
AFE,.

The plot of Fig. 2(b) is the square root of the photocurrent
after background subtraction, following Fowler’s theory.'*
From this plot we derive a threshold position of 1.78+0.02
eV. The threshold position does not change, within the ex-
perimental uncertainty, when taking spectra under forward
and reverse bias.

From the experimental threshold positions, we estimate
that the Si intralayer induces a band discontinuity
AE_.=0.37%0.04 eV. These results are consistent with our
previous internal-photoemission results on the p-type
GaAs(100) overlayers over n-type GaAs(100) substrates'
and with the conventional photoemission data of Ref. 11.
The creation of the discontinuity is theoretically justified by
the models of Ref. 15.
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FIG. 3. 77-K spectra corresponding to those of Fig. 2(a). The
two arrows indicate peaks A and B, corresponding in our interpre-
tation to states A and B in Fig. 1(b).

The Fig. 3 spectra, taken at liquid-nitrogen temperature,
reveal additional spectral features not visible at room tem-
perature, peaks A and B. These features are only visible for
the Si-intralayer specimen, and peak A makes it impossible
to detect the weak second threshold of Fig. 2(b). The first
threshold corresponds to the GaAs gap width at 77 K,
1.49+0.02 eV.

One important point in the identification of the nature of
the two peaks is their different dependence on the external
bias—see Fig. 4, where a positive bias is a forward bias. The
position of peak A changes with the bias, as shown in Fig. 4
for the sample under 0-, —1-, and +1-V bias; furthermore,
peak A tends to disappear as we approach the flat-band con-
dition (bias ~1.4 V). On the contrary, no change in the po-
sition of peak B is detected as the bias changes.

Two different interpretations are thus necessary for the
two peaks. As to peak A, an electron excited from the p-side
valence band to a state inside the triangular conduction well
can recombine or scatter through the potential barrier. If the
excitation energy is equal to a resonance energy, then the
probability of tunneling into the n side is maximized, and
this produces a maximum in the photocurrent—peak A.

We theoretically estimated the position of peak A by find-
ing resonances of the triangular potential of Fig. 1, neglect-
ing any inelastic processes. We calculated the phase shift of
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FIG. 4. 77-K spectra for the n-type GaAs/p-type GaAs homo-
functions with a Si intralayer under different biases. The arrows
indicate the theoretically calculated positions of peak A.
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the reflection amplitude with a variable-phase-like method.'®
The energy position of the resonances are the peaks of the
derivative of the phase shift with respect to the particle mo-
mentum. Details of the method will be given in a forthcom-
ing paper.)” The method is exact, in the sense that the only
approximation is the form of the potential well, which was
assumed to be

V(x)=[Vp+ Vn—AEC—(VP/MZ)p)xz for 0<x<w,
(Vaiw)(x—w,—wp)* for wysxsw,,

where V), and V,, are the potential drops without Si, plus one-
half of the onset produced by the Si on the p and » sides
[Fig. 1(b)]. The depletion lengths w, and w, were calcu-
lated assuming that the Si intralayer atoms are distributed
in an acceptor and donor bilayer, and, due to the high con-
centration of Si, evaluated as w,=(2€V,/en)"* and w,
=(2€V,/ep)"* (Ref. 18), where e is the electronic charge
and € is the dielectric constant.

At zero obias, we calculated V,=V,=0.89 eV,
w,=w,=87 A and assuming 0.067m, for the GaAs electron
mass we obtained a first resonant state at 1.83 eV. After
adding the external bias, this resonance shifts to 1.75 eV for
+ 1-V bias and to 1.88 eV for —1-V bias. The arrows in Fig.
4 show that these theoretical positions qualitatively repro-
duce the experimental peak shifts with the bias. Note that the
presence of peak A and its bias dependence is directly related
to the Si-induced band discontinuity that creates the triangu-
lar well. The reasonable agreement between theory and ex-
periment corroborates our choice for the potential shape.

Our theoretical explanation of peak A and of its bias de-
pendence implies that peak B has a different origin. The line
shape, with its characteristic high-energy antiresonance, im-
mediately suggests a Fano-resonance mechanism. A Fano
resonance can indeed be explained by the coupling of a dis-
crete localized state [state B in Fig. 1(b)] with the continuum
of states in the conduction band.

We best-fitted peak B with a Fano-resonance line shape
A(E—q)?/(1+ £%), where A is a constant, and q is the ratio
between the optical matrix elements of the transitions to the
discrete state and the continuum; é=(Ey—E)/I", where E is
the photon energy, E is the energy position of the discrete
state, and I" is the strength of the coupling between the dis-
crete state and the continuum.!”> We assumed zero k disper-
sion in the interface plane.6 Figure 5 shows the results of the
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FIG. 5. Fano-line-shape fit of the 77-K no-bias spectrum of
Fig. 4.

least-square best fit, obtained for g=—1.9, I'=7X 1073 eV,
and E(=1.520 eV at zero bias.

After fitting the data for +1- and —1-V bias, we found
that the estimated position of state B, E;=1.520 eV, re-
mained unchanged within 2 meV, explaining the experimen-
tal peak-B position insensitivity to the bias.

Therefore, this insensitivity supports the interpretation
based on a Fano resonance, related to a discrete state
A=0.34 eV below the bottom of the n-side conduction band
and not related to the potential shape. The nature of this state
is not identified, and only speculatively can we propose that
it is a Si-induced state in the n-side GaAs gap.

This uncertaintity, however, does not affect the twofold
importance of our results: First, they provide evidence for
a Fano resonance in nanostructures based on J&-doping-
induced band discontinuities, in the spirit of band-gap engi-
neering. Furthermore, resonant states like those we derived
from our spectra can play a fundamental role in band-gap
engineering by affecting the transport, phototransport, and
other properties of nanostructures.
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