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ABSTRACT
Surface photovoltage spectroscopy and spectral photoconductivity measurements have been carried out in the UV spectral region on GaN
nanowires to analyze the near band-edge region. The results reveal the presence of tails in the band —band absorption spectra. Surface

Photovoltage spectra performed on the as-grown nanowire ensamble show a long band tail of about 0.1 eV. Spectral photoconductivity on

singly contacted nanowires shows that the band tail width strictly depends on the wire diameter. These results are explained by the Franz -
Keldysh effect due to the internal electric field induced by Fermi level pinning at the nanowire surface. The experimental values of the absorption

tail are well in agreement with the results obtained by simulating the electric field in a cylindrical model.

In recent years, nitride-based nanostructures have beenn the inset of Figure 1a). Absorption spectra have been ob-
attracting high interest in view of their electronic and opto- tained at room temperature using a xenon lamp and a SPEX
electronic application.” In particular, GaN nanowires  500M monochromator as a monochromatic light source. The
(NWs)~1° are considered as prospective materials for the sample was capacitively coupled to a metallic semitranspar-
fabrication of future optoelectronic, high-power, and high- ent electrode, which is the SPS probe. The voltage signal
operation temperature devices. To address this challengewas measured by a unit gain FET pre-amplifier (used as
however, a deep knowledge of the influence of nanoscale current-voltage converter) and then collected by a lock-in
size on their electrical and optoelectronic properties is amplifier (Stanford Research Systems model SR830DSP).
required. SPS measurements were performed on the large ensemble
An important issue, addressed in the present paper,of nanowires under the SPS electrode area (about 3-4.mm
concerns the study of optoelectronic properties of GaN-NWs  Figure 1a shows the typical SPS spectrum obtained in the
in the band-edge region. Because the standard methods foband-edge region of NWs. The SPS sigWalsignificantly
absorption measurements are hardly applicable on nano-{ncreases when the optical excitation energy varies from 3.3
structures due to technical and geometrical constraints,to 3.5 eV in the band-edge absorption region. This behavior
alternative characterization techniques are required to explores characteristic of a band-to-band transition of an n-type
the band-edge features. Surface photovoltage spectroscopgemiconductor. The increase &s corresponds to the
(SPS}! and spectral photoconductivity (SP€jechniques minority carrier (holes) accumulation caused by the optical
have been applied to characterize the near band-edgegeneration of electronhole pairs near to the surface: the
absorption in GaN-NWs. electrons move toward the bulk due to the electric field in
GaN-NWs here analyzed were grown on Si (111) sub- the surface space charge region, while holes are collected at
strates by plasma-assisted molecular beam epitaxy (MBE).the surface barrier.
A detailed description of the growth procedure is elsewhere For a direct band gap material such as GaN, the following
reportec® The as-grown sample showed a wide distribution relationship hold$315
of hexagonal wires with diameters ranging from 20 to 500
nm and Iengths_from 0.3 up to@m. _ _ _ hw x Vs O (hw — E F)1/2 @
Because SPSis a noncontact technigue, noninvasive and 98
nondestructive, it results in a very suitable method for charac-
terizing samples containing the as-deposited nanowiresWhereEg,is the energy gap anki the photon energy of

ensemble (an SEM picture of this type of sample is shown the optical excitation.
The energy gafg,, evaluated from the intercept of the

* Corresponding author. E-mail: laura.polenta@unibo.it. linear fitting of (Vs x hv)? as a function of h (Figure 1b):6
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Figure 1. (a) Typical SPS spectrum wheEg,, is estimated by (in the inset a SEM picture of single NW is shown); (b) exponential
the knee (in the inset a SEM picture of ensemble NW sample is fit of SPC spectra obtained di 50 nm andv 300 nm diameter
shown); (b) the fitting curve of the linear regiom(lx Vs)? vs hv wires.
is shown and LEBBT value is calculated mntercept.
contacts. Therefore, we can state that the internal electric

results in 3.34+ 0.03 eV, significantly lower than the bulk  field can only be ascribed to the depletion region at the
band gap energy reported in literatdfézrom the spectrum,  nanowire surface and not to a possible space charge region
it is however evident that the transition is affected by a large at the contacts, as previously investigated by Gu and co-
band tail, reasonably due to the significant contribution of workers2°
sub-band gap absorption, dramatically affecting the slope of  For spectral photoconductivity measurements, a dc voltage
the diagram in Figure 1b and, in turn, the intercept of the is supplied in order to keep a constant electric field driving
linear fit181° Thus it is reasonable to estimate the energy the carriers trough the electrodes and maintaining similar
gap by the energy corresponding to the knee in the SPSconditions of operation for all measurements. The photo-
spectrum of Figure 1a, i.eEg,, = (3.44+ 0.05) eV, andto  current signal has been collected by a lock-in amplifier and
consider the value (3.34 0.03) eV as the lowest energy subsequently normalized to the photon flux. Measuring the
band-to-band transition (LEBBT) due to the band tails. The current value due to the release of carriers toward the bands
difference AEsps = 0.10 eV betweerkg,, and LEBBT is the energy value for intrinsic and extrinsic absorptions can
therefore the band tail width averaged on whiskers with be evaluated*
different diameters. Typical SPC spectra measured on single NW devices with

To investigate a possible dependence Afsps from different diameter are reported in Figure 2a, showing similar
nanowire width, SPS would have to be carried on singly band tails as in SPS measurements. The sub-band-edge
contacted nanowires of different thickness, but in this case, contribution clearly increases with nanowire diameter. For
the macroscopic SPS electrode cannot be capacitivelya better comparison, two photoconductivity spectra for the
coupled to a single nanowire. Spectral phoconductivity (SPC) thinnest and thickest diameter have been represented in linear
was therefore carried out on over 20 isolated nanowires, with scale in Figure 2b. The photoconductivity variatidw is
diameters ranging between 40 and 500 nm with ohmic expressed by the equation:
contacts (an SEM picture of the device is shown in the inset
of Figure 2a). The procedure for the fabrication of single Ao = efad(1 — R)(1 — e “)(u,, + T 2)
nanowire devices is described elsewhere, where aldo-itie
characteristics are reported showing the ohmic behavior of wheree is the electron charg, the carrier pairs generated
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by each photony is the absorption coefficiend the photon nanowire
flux, R the reflection coefficientx the penetration depth, surface
and 4 and t the mobility and lifetimes of both carriers,
respectively. For nanowires, whose diameter ranges in the
order of hundreds of nanometers, the term—(¥"*) can

be reasonably considered constant in the band-edge region,
hence photoconductivity results proportional to the absorption
coefficienta.. The SPC absorption tails of Figure 2b have
been therefore well fitted by the exponential law:

PC~ a ~ exp(w/AEgpg 3)

Generally speaking, an absorption tail close to the band-
to-band transition can be ascribed to different phenomena,
as for example structural disorder, defects or impurities,
doping fluctuations, as well as broad excitonic, phononic, Figure 3. Sketch of the band structure of a n-type semiconductor
or plasmonic absorpion or the presence of a sifong electicSUTScE: e wave fncton ofan eecton n the conducton band
field (FranZ_Keldy,Sh effecty? This last hypOthe,S'S results. forbidden band gap induced by the internal electric figld (Franz
as the most plausible for the observed effects in band tails. keldysh effect): the band to band transition occurs at an energy
In GaN nanowires, a strong electric field exists in a depletion hv lower than the energy gap.

region due to the Fermi level pinning on the wire surface as

demonstrated in ref 7. This surface depletion region of a high  ynder a constant electric field, the free electron wave
electric field can have an essential contribution in sub-band fynction modifies into an Airy function, which exponentially
photoeffects due to Fran&eldysh effect, especially for the  gecreases in the band gap region. As a result, a sub-band
case of NWs with a high surfaegrolume ratio than for  gap optical absorption occurs, which can be interpreted as a
compact layers. Results of high-resolution TEM investigation pnoton-assisted tunneling through the forbidden band region,
shown a nearly perfect crystalline structéitayhich is not  jth photon energy smaller tha,a, (Figure 3).

compatible with an absorption tail due to structural disorder. | the sub-band region, the Frankeldysh absorption

As a matter of fact, if structural disorder is considered gefficient vs v can be approximated by an exponential
responsible for the diameter dependence of the of the band,,ction29.30

tails, we should accept that the disorder increases substan-
tially with the wire diameter. To achieve values of about 40

meV for the specific energy of the absorption band tail, as a(hw) ~ exp(— hv—Egapglz) 4)
observed in our measurements, we should assume a high AE

disorder like in amorphous materi&fisMoreover, electrical-

photoelectrical measurements on single NW devices dem-with AE given by??

onstrated a relative low carrier concentration (6:25.0

cm3),7 allowing for excluding mechanisms other than the > (e’r’1§)2'3

Franz-Keldysh effect. Excitonic effects or Coulomb interac- =3 7 (5)
tion is included in FranzKeldysh effect, as discussed later ()

in this paper. The other aforementioned band-edge absorption
effects, if present, are expected to be masked as the excitonisvhere&, m*, e, andh are the electric field, effective mass,
effect in GaN at room temperature is the dominating ®ne. electron charge, and Planck constamf), respectively.
The FranzKeldysh effect is a physical phenomenon As theoretically predicteé® deviation from the classical
associated to the influence of a high electric field on the shape (eq 4) of the FranKeldysh absorption tail might be
near band-edge absorptitifranZ® and KeldysF¢ predicted explained by taking into account the excitonic interaction,
that the electric field may cause a red-shift of the absorption which in GaN has been detected even at room temperéture.
edge, giving rise to the presence of an absorption tail for The computed curves based on the influence of the excitonic
band-to-band transitions. In 1966, Ddkemodeled the interaction on the FranzKeldysh effect are characterized
optical-absorption coefficient tail, and in 1970, Dow ef&@l. by a simple exponential tail for a large range of the model
accounted for the alteration of the Frari¢eldysh absorption ~ paramete® and correspond to the fitting of our SPC
edge induced by electrerhole scattering (excitonic contri-  absorption tails (eq 3).
bution) with electric field strengths on the order of Mdcm. To check the validity of our hypotheses, we simulated the
In GaN nanowires, due to the Fermi level pinning at the band tail widthsAE following eq 5 by modeling the electric
wire surface, a strong electric field exists in the depletion field distribution&(r) in NWs. This cylindrical model already
region! which plays a fundamental role in sub-band pho- proposed to explain the strong diameter dependence of the
toeffects, especially for the case of NWs with a high sufface  NW conductivity in the dark as well as under UV light was
volume ratio with respect to that of compact layers. used’ Because of Fermi level pinning at the GaN NW
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surface, band bending appears in the surface depletion (a) 4.0x10®
region: a critical diameted. for completely depleted wires ]
has been defined, i.e., wires with lateral dimensions lower 3 5x10° -
thand.i; result in being completely depleted. Larger wires
may contain a tight core conductive channel. A uniform 3.0x10°
distribution of donors inside the wire was assumed. In this g
case, the electric fiel§(r) and the potentiaV/(r) inside of L .
. . . L . > 2.5x10°1
thinner wires withd < d.; is given by: <
eN, 2.0x10°
= 1 6)
1.5x10° T T T T
eN, 0 100 200 300 400
V(r) = vl ) d (nm)
(b)
wherer is the wire radiusNg the donor concentration, and 40+
€ the electrical permittivity. 1 T
In wires withd > d., a surface depletion region of width 304
W and a core region with radius< d/2 — W, whereé&(r) =~ 5\ I
0 andV(r) ~ 0 take place. In the space charge regionrfor GEJ 20
> d/2 — W, we have: =
K
eNy( (a2 — Wy o
N =, (r - ) ® i
N, , I r % 0 1% 200 20 w0 w0
V()= 46( (dr2 W)(1+2 n(d/2—\/\l))) 9 d (nm)

o ) ) ~ Figure 4. (a) Calculated electric field as a function of nanowire
The electric field and the band bending achieve their diameter; (b) comparison between the simulated curve of Franz

maximum valuest, and —e\p at the surface, i.e&y = Keldysh tail and band tail data obtained from PC spectra.
&(d/l2) and—eVp = —eMd/2). For wires withd > dit, the
surface band bending barrigris equal to the Fermi level  wires are present. If we compare the SPS curve in Figure 1a
pinning energyg, relative to the unperturbed conduction with the curve of the thicker wire in Figure 2, we can see
band, while ford < d., it decreases with the wire diameter. that the tail width has approximately the same value. We
According to this model, a critical diameter80 nm and a  can therefore conclude that the SPS tail signal is dominated
Fermi level pinning energyo = 0.55 eV were extracted as by the contribution of thicker and shorter wires, which is
fitting parameters in ref 7 in agreement with other theoretical the majority of the wires present in the sample.
and experimental studi€%:3 In conclusion, the spectral band-edge absorption of GaN
In Figure 4a, the calculated diameter dependence of theNWs, studied by SPS and SPC, shows an exponential tail
surface electric field&, is shown. A strong diameter below the energy gap. A strong dependence of the band
dependence of the electric field values is obtaindot deit. absorption tail as a function of wire diameter was found by
The &, keeps increasing fall > d.it due to the diameter SPC measurements performed on single wires. The band-
dependence of the depletion widit{(d). The electric field edge tailoring and its wire-diameter dependence can be
in the depletion region and its associated Fraikeldysh explained by the FranzKeldysh effect induced by the
effect can explain the diameter dependence of the absorptiorelectric field in the depletion region of the wire surface. The
tail as experimentally observed in the SPC curves (Figure tail of the band-edge absorption observed in SPS curves is
2). By the surface electric fiel§, and eq 5, the tail energy  an average value reflecting the distribution of differently
as a function of the wire diameter can be estimated. The sized nanowires in the as prepared sample. The experi-

experimental values of the exponential tail enertiyspc mental absorption tails fit well to a single-exponential
show a good agreement with the calculated trend, as reportedunction exptw/AE), suggesting a strong influence of the
in Figure 4b. Coulomb (exciton) interaction on the FrarKeldysh effect.

To explain the absorption tail observed in SPS measure-The electric field dependence of the band tail enefdy
ments, we have to keep in mind that these measurementsas been calculated using a cylindrical model for the estima-
are performed on samples with a large ensemble of NWs.tion of the electric field in the depletion region of the
As a consequence, the spectral tail is strongly influenced by nanowire surface. Good agreement was obtained between
the wire statistics. Besides fluctuations of the surface electric theoretical simulation of the FranKeldysh absorption tail
field due to diameter variations, additional fluctuations due and experimental data obtained by SPS and SPC measure-
to different doping and structural defects in shorter and longer ments.
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