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Rich Device Physics Found in Photoresponses
of Low-Dimensional Photodetectors by Fitting
With Explicit Photogain Theory

Kai Li

Abstract—In this work, we employed our newly
established explicit photogain theory to probe physics in
nanodevices at single device level. A single fitting of the
explicit photogain theory to experimental photoresponses
allows us to find important device parameters including sur-
face depletion region width Wqe),, doping concentration Ny
(or Np), carrier mobility xp (or 1n), minority recombination
lifetime ¢y and surface recombination velocity Vgry. These
parameters are often difficult to calibrate using traditional
semiconductor characterization techniques as the size
of semiconductor devices scales down. The extracted
parameters were verified with independent Hall effect
measurements and other experiments. It shows that this
technique is simple, nondestructive and accurate enough
to probe the physics in nanodevices at single device level.

Index Terms— Silicon nanowire, photoresponse, doping
concentration, carrier mobility, minority carrier life time,
depletion region.

I. INTRODUCTION

HE size down-scaling of semiconductor devices sig-

nificantly reduces the interaction of semiconductors at
single device level with electric, magnetic and electromag-
netic fields [1]-[6]. It thus becomes increasingly difficult
to characterize the ultra-scaled semiconductor devices using
these fields as a probe. For example, nanodevices often have
tiny capacitances, which makes it extremely difficult, if not
impossible, to probe defects at single device level using deep
level transient spectroscopy (DLTS) [7]-[11], a well-stablished
classical technique that detects the capacitance variation by
charging or discharging defect states in semiconductors. It is
thus important and valuable to develop a technology that
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allows scientists and engineers to reliably probe physics in
nanodevices which often produces signals too weak to detect
at single device level.

Low-dimensional photodetectors were widely reported to
have extraordinarily high gain (up to 10'%) [12]-[16], meaning
that weak light-semiconductor interactions can be amplified
into strong electrical signals by many orders of magnitude.
Logically, it would be a good strategy to probe device physics
in low-dimensional devices by leveraging the strong pho-
toresponses. However, the classical photogain theory is an
implicit function of device parameters, which thus cannot
be used for fitting the photoresponses and probing device
physics [17], [18]. More importantly, it was derived on two
misplaced assumptions as we found previously [19], as a result
of which it was incorrectly believed that high gain can be
attained for any photoconductive semiconductors as long as the
minority recombination lifetime is much longer than the transit
time. After these two misplaced assumptions were corrected,
we found a photoconductor intrinsically has no gain, or a small
gain less than the ratio of majority to minority mobility [19].
The photogain comes from the surface depletion region in
which the built-in electric field will pump the photogenerated
majority carriers into the conduction channel [20]. Based
on this model, we recently established an explicit photogain
theory that can fit and predict the photoresponses and gain of
nanoscale photodetectors [20]-[22]. In this work, we managed
to find a large number of important device parameters at single
nanowire level by a single fitting of the explicit theory to the
experimental photoresponses. The extracted device parameters
include surface depletion region widths Wy,,, doping concen-
trations N4 (or Np), majority carrier mobilities x, (or u,),
minority recombination lifetime 7o and surface recombination
velocity Vi,. The extracted parameters were verified with
independent Hall effect measurements and other experiments.

Il. RESULTS AND DISCUSSION
The silicon nanowires were fabricated by patterning the
device layer of silicon-on-insulator (SOI) wafers with electron
beam lithography followed by reactive ion etching, as shown
in the optical microscopic image in Fig.1(a). To create p-type
and n-type silicon nanowires, the device layers were pre-doped
with boron and phosphorus at different doping concentrations,
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Fig. 1. (a) False color SEM image of a typical nanowire (200 nm wide).
(b) I-V curves of p-type nanowires with different widths. (c) Current at a
fixed bias for nanowires with different widths. (d) Diagram of nanowires
with surface depletion regions under light illumination.
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Fig. 2. Photoresponses of p-type nanowire photodetectors. (a) Photocur-
rent and (b) photogain of nanowire with different widths as a function of
light intensity. Solid lines in (a) and (b) are the fitting curves following
equations (1) and (2), respectively. Inset: transient current under the
illumination of periodically modulated light.

respectively. All the nanowires are 27 um long with a width
varying from 100 nm to 300 nm. Five Si pads were made
out of the device layer along with each nanowire for metal
contacts during Hall effect and four-probe measurements.
The fabrication details for nanowire devices can be found
in our previous publication [21]. Fig.1(b) shows the current
vs voltage (I-V) curves of p-type nanowires with different
widths. At a fixed voltage, the current linearly decreases as
the nanowires narrow down (Fig.1(c)), projecting to zero at
a width of 70 & 16 nm. It indicates that the nanowire has
a surface depletion region width of 35 + 8 nm. Considering
that the device layer and the oxide underneath have a high-
quality interface, the surface depletion region only exists in
the nanowire side and top surfaces as shown in Fig.1d.

The current of a single nanowire under a fixed bias is modu-
lated periodically by ON/OFF light illumination (4 = 532nm)
with increasing intensity as shown in the inset of Fig. 2(a).
The current base line increases slightly as the time goes by,
likely because there exist slow trap states. The photocurrent
is calculated from the difference between the ON and OFF
current in each period. The photocurrent and photogain in

TABLE |
EXTRACTED PARAMETERS BY FITTING THE EQUATION (1)
TO THE EXPERIMENTAL DATA IN FIG. 2a

NW  physical P, nkT o Wiy 70 Viro
doping  width W' (mW/cm?) 2q Vjio P* (nm) (ns)  (10* cm/s)
type (nm) (nA)
280  0.3120.03 28.1+1.0 28.0+1.2 0.54+0.02 1.55+0.05
p-type 240  0.60£0.03 28.4+1.0 35.0+1.5 0.20+0.05 3.74+0.09
200 1.1940.03 37.8+1.0 42.5+1.5 0.1240.00 5.75+0.07
160 0.1940.03 253+1.0 33.241.7 0.3740.03  1.54+40.12
300 0.1440.01 39.041.2 28.5+1.0 1.01£0.04 86.443.4
260 0.03+0.01 30.1+1.6 24.6+0.8 5.42+1.47 14.8+1.4
n-type 240 0.06£0.02 25.3#3.3 20.1+1.5 2.09+0.51 36.5+7.2
220 0.0240.03 18.240.5 184429 4.77+0.41 15.1+0.8
200 0.03+0.03 30.1£1.0 23.240.6 1.9340.25 13.9+0.8

quantum efficiency for four different nanowires are plotted as
a function of light intensity in Fig. 2(a) and (b), respectively.

Previously, we derived the analytical equations [21] for
the photocurrent and photogain as shown in the equa-
tion (1) and (2) which fit well with the experimental data in
Fig. 2(a) and (b), respectively. As the light intensity decreases,
the photocurrent also decreases whereas the photogain reaches
to its maximum value. The calibration error in weak light
intensity and small photocurrent will create a large uncer-
tainty in photogain. For this reason, we extracted the device
physical parameters by fitting the photocurrent equation (1)
to the experimental data in Fig. 2(a) instead of the photogain
equation (2) to Fig.2(b).

nkT ¢ Piight
Iy = I3, In +1 (D
! 2 Veio "\ P light
PS P
G = Gux light In lslght +1 )
Plight P light

In the above two equations, # is the ideality factor of
surface depletion region as a Schottky junction, ¢ is the unit
of charge, Vj;o is the surface potential in the dark, G4 is the

maximum photo gain at zero light intensity which is expressed
nhokT 1 ; "

2q2 VbioAproj P/Sighl

kT is the thermal energy and A, is the nanowire area

as Gpax = in which Aw is the photon energy,

projected in the light incident direction. 1 ;h and Pfl.ght can
be found in the equation (3) and (4) below.
Ps- _ ﬁani (3)
light 2010
IS;h = q,uppEcthep(zHch + Wen), “)

in which p, is the majority carrier mobility, p the majority
carrier concentration (also doping concentration N4), E.j, the
electric field intensity in the channel along nanowire axis,
Waep the surface depletion region width; Hc, the channel
height, W,;, the channel width, H the nanowire physical
height, n; the intrinsic electron conentration of intrinsic sil-
icon, o the light absorption ratio and 7( the effective minority
recombination lifetime in the device. The light absorption ratio
o can be found by finite differential time domain (FDTD)
simulations.

When fitting equation (1) to the exl}erimental data in

Fig. 2(a), we extrated Pj,,, and %I;h in Table I.
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From Py, given by equation (3), we can find the effective = By photoresponses + By Hall effect
minority recombination life time zg listed in Table I. The esti- 107 200

L A —~ (a) > . (0)
mated effective minority carrier lifetimes 7o are around sub-ns a > 150
and a few ns for p-type and n-type nanowires, respectively, g 1078 N € 100], . :
which are much shorter than those in bulk silicon due to "Z':'t ‘ ‘9& 50 et e
strong surface recombination. Similarly short minority carrier =
lifetimes were also reported for nanowires in literature [23]. 1(:'171(30 200 240 280 0160 200 240 280
For a nanowire device with a rectangular cross-section, the 1019 1000
effective minority carrier lifetime 7o is correlated with the = (c) » 800! (d)
surface recombination velocity Vi, by the equation (5). g 10% . Nz 600
The term in the bracket on the right side of equation (5) is the N LI : Sa400/, ¥ « = .
surface-to-volume ratio in which the numerate for the height = 10 ;’5200
denominator 1s.1 1pstead of 2 .because we assume that the 10*'0"200 230280 0200 240 280
surface recombination velocity is zero at the bottom surface : :
(the high-quality interface of device layer and underneath Width(nm) Width(nm)

oxide). From equation (5), the surface recombination velocity
at the top and side surfaces can be caculated as shown in
Table I.

1 1 2 1 v 5
‘L'O_Tb (W+H) AY AR ()
in which 7, is the minority recombination lifetime in bulk
semiconductor which is at a scale of micro seconds, W is the
nanowire width and H is the nanowire thickness.

The term 23’;,:[0 1 ;h with Igh given by equation (4) has four
unknown coupled parameters #, Wy,p, 1, and p. According
to the semiconductor device principles, the ideality factor # is
normally close to 2 as the surface recombination of nanoscale
devices is the dominant recombination and generation paths
in the surface depletion region. The other three unknown
parameters can be found with two additional independent
correlations in the following. The first correlation is the
dark current or conductance of the device governed by the
equation (6) in which the nanowire channel size H., and
Wy are unknown unless Wy, is provided. The second is the
dependence of mobility on doping concentration given by the
empirical Caughey-Thomas model in the equation (7).

Liark = q,uppEcththh, (6)

where H., 1is the thickness of the nanowire channel
(=H-Wyep); Wen is the width of the nanowire channel
(ZW‘Wdep)~

Hmax — Umin
_— 7
I+ (p/N,)™ 7

For p-type Si, umin = 47.7 cm? V-ls —1 Umax = 495 cm?
vis 71 oy =076, N, = 6.3 x 10'® ¢cm=3. For n-type
Si, pmin = 65 cm® V7Is 71 ypae = 1330 cm? Vls —1
ap = 0.72, N, = 8.5 x 10'® cm™.

Our previous work showed that the carrier mobilities in
the nanowires remain the same as those in bulk silicon [21].
This experimental observation is consistent with the theoretical
works in which surface scatterings will not be a dominant
factor in carrier transport unless the nanowire diameter is
less than 4 nm [24]-[26]. For this reason, equation (7) is
still accurate enough for most nanowire devices reported
in literature [12], [13], [22]. However, all nanoscale semi-
conductor devices synthesized by chemical vapor deposition

HUp = Umin +

Fig. 3. Doping concentration and majority carrier mobility found from
Hall measurements and photoresponse fittings for silicon nanowires.
(a) and (b) p-type nanowires. (c) and (d) n-type nanowires.

have surface depletion regions which unfortunately were often
neglected in the past. This negligence results in the conclusion
that the mobilities decrease as nanowires reduce in diame-
ter [4], [27], [28], which was incorrectly believed to be caused
by surface scatterings.

The surface depletion region widths Wy, are found to
be ~ 35 nm by calculation as shown in Table I, which is
consistent with what we found independently from Fig.1(c).
The calculated doping concentration N4 and majority carrier
mobility u, are plotted as black squares in Fig. 3(a) and (b),
respectively. To verify the doping concentration and carrier
mobility, we performed Hall effect measurements at single
nanowire level. The details of Hall measurements can be found
in our previous publications [20], [21]. The measured doping
concentrations and carrier mobilities are plotted as red dots
in Fig. 3(a) and (b), respectively. The doping concentrations
and mobilities found from Hall measurements are close to
those extracted from photoresponses. We also repeated the
measurements on n-type silicon nanowires in Fig. 3(c) and (d).
Clearly, these device parameters, often difficult to calibrate at
single device level, can be reliably found by fitting the pho-
toresponses with our newly established analytical photogain
theory.

[1l. CONCLUSION

In this work, we demonstrated a powerful tool to reli-
ably extract many important device parameters by fitting the
photoresponses with our newly established explicit photogain
theory. This technique is can be readily applied to devices
based on single-crystalline nanowires and thin films as long
as there are surface depletion regions which can be created
by surface states or by intentional surface doping to form
a floating PN junction when the device surfaces are well
passivation.
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