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 Minority Carrier Lifetimes and Surface Effects in 
VLS-Grown Axial p–n Junction Silicon Nanowires 
 High aspect ratio p–n junction semiconductors have displayed 
great potential for emerging photovoltaics owing to enhanced 
properties such as improved light absorption or trapping effi -
ciency and facile carrier collection. [  1–4  ]  In the case of bottom-
up synthesized p–n junction nanowires, additional advantages 
come from their single-crystalline structure and reduced mate-
rials usage, coupled with the fl exibility of non-conventional 
device substrates. [  1–3  ]  The current rectifi cation in p–n junction 
semiconductors is based on the transport of minority carriers 
as opposed to the majority carrier-driven metal–semiconductor 
Schottky diodes with similar rectifi cation. [  4  ]  The minority 
carrier lifetime affects both the illuminated and dark char-
acteristics of the photovoltaic cell and directly determines its 
effi ciency; therefore, its reliable characterization is critical for 
assessing and optimizing p–n junction nanowire-based photo-
voltaic devices. Moreover, the electrical and optical properties 
of p–n junction nanowires depend on the p–n junction geom-
etry, for example, radial vs axial heterostructures, [  5  ]  implying 
the possible correlation of the nanowire geometry with the 
minority carrier dynamics and the resulting rectifi cation 
characteristics. 

 The carrier lifetimes of bottom-up nanowires have been 
characterized with various techniques, including electron-beam 
induced current (EBIC), [  6  ,  7  ]  photoluminescence (PL) decay, [  8  ]  
and scanning photocurrent microscopy (SPCM). [  9  ,  10  ]  The under-
lying principle of these techniques relies on excess carriers 
that are electrically (EBIC) or optically (SPCM and PL) created, 
and the temporal profi le of the decaying carriers is utilized to 
determine the lifetimes. Despite their versatility to characterize 
nanowires without compositional constraints, these techniques 
are intrinsically limited to indirect characterization. Instead of 
directly probing the carrier dynamics, they characterize relevant 
materials parameters such as carrier diffusion lengths, from 
which the lifetimes are extracted, aided by additional characteri-
zation or knowledge of diffusion coeffi cients (EBIC) and car-
rier mobilities (SPCM). These additional steps inevitably cause 
inaccuracies, since the characterization of carrier diffusion 
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coeffi cients (in case of EBIC) relies on the bulk diffusion coef-
fi cient values from the literature. Likewise, SPCM requires the 
mobility values for nanowires, which can be different from the 
bulk counterparts. In addition, these techniques are diffi cult to 
apply when characterizing heterostructured nanowires such as 
axial p–n junction nanowires, where carriers should be excited 
separately in each p- and n-doped segment. Most importantly, 
they are not compatible with the device physics or confi guration 
of p–n-junction-based photovoltaics, making it diffi cult to eluci-
date the carrier transport mechanism responsible for observed 
current rectifi cation. For instance, EBIC probes the carriers 
injected over a metal–semiconductor Schottky barrier [  6  ,  7  ]  and 
is not suitable to directly characterize the minority carriers of 
p–n junction nanowires where rectifi cation is achieved by the 
carrier depletion across semiconductor–semiconductor (p–n) 
interfaces. Motivated by these challenges, we have investigated 
alternative approaches that enable the direct characterization of 
the minority carrier lifetimes in p–n junction nanowires. 

 Here, by employing a purely electronic approach called 
“reverse recovery transient” (RRT), we directly measure the 
minority carrier lifetimes in bottom-up synthesized axial p–n 
junction Si nanowires. By studying the nanowire-diameter-
dependent carrier dynamics using the RRT method, we inves-
tigate the exclusive contribution of the nanowire surface on the 
minority carrier transport and recombination. 

 Axial p–n junction Si nanowires were grown based on the 
Au-catalyzed vapor–liquid–solid (VLS), [  1  ,  2  ]  mechanism using 
chemical vapor deposition (CVD). [  11  ]  The nanowires were 
grown in the order of p-segment (B-doped) fi rst, followed by 
the n-segment (P-doped) along the nanowire length (see Experi-
mental Section for details).  Figure    1  a shows a scanning electron 
microscopy (SEM) image of axial p–n junction Si nanowires 
grown on a Si (111) substrate, indicating that the majority of 
nanowires were grown straight without tapering. For electrical 
and lifetime characterizations, p–n junction Si nanowire fi eld-
effect transistors (FETs) were fabricated with Al contacts on 
individual nanowires (see Experimental Section for details). 
Prior to the contact metal deposition, the nanowires were rinsed 
with dilute HF (5%) to remove both native oxides and uninten-
tionally deposited surface dopants (P). We note that as-grown 
nanowires without this pre-HF etching typically display nearly 
linear current–voltage ( I – V ) characteristics. This behavior is due 
to a thin P-containing (n - type) layer deposited on the nanowire 
surface through the small amount of vapor–solid (VS) growth 
in the n-doping step. [  12  ,  13  ]  The effect of the HF etching was 
studied by characterizing the  I–V  characteristics of a nanowire 
FET before and after the etching. An initially symmetric, nearly 
linear  I–V  turns to an asymmetric, rectifying characteristic after 
mbH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 4306–4311
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      Figure  1 .     a) SEM image of as-grown p–n junction Si nanowires. b)  I–V  characteristics from 
an as-grown nanowire before (open circle) and after (fi lled circle) HF etching. c)  I–V  charac-
teristics from the multiple segments of a single p–n junction nanowire showing linear (AB) 
and rectifying (BC) behavior. Inset shows the corresponding SEM image of the nanowire FET. 
d) Representative current rectifi cation from a single p–n junction nanowire FET. Inset shows the 
corresponding log  I–V  plot used to extract the device ideality factor (dotted tangential).  
the brief HF rinse due to an effective removal of the surface 
dopants and the emergence of a p–n junction (Figure  1 b).  

 Figure  1 c shows the electrical characterization of a single 
p–n junction Si nanowire FET contacted with multiple Al elec-
trodes after HF etching. Along the nanowire length, one seg-
ment displays a linear  I–V  (AB in Figure  1 c and inset) while 
the adjacent segment shows a strong current rectifi cation (BC 
in Figure  1 c and inset), suggesting the distinct compositions of 
each segment. In fact, we typically observed linear  I–V  charac-
teristics from the segments close to the ends of the nanowires 
(away from p–n junctions). By measuring the gate responses of 
the non-rectifying segments, [  14  ]  we identifi ed the doping types 
(either p or n) of individual segments [  13  ,  15  ]  (see Supporting 
Information). This electrical characterization, along with the 
correlated spatial behavior, strongly confi rms that the current 
rectifi cation originates from the intrinsic p–n junction proper-
ties of the nanowires 

 A typical current rectifi cation from a single nanowire FET is 
shown in Figure  1 d. The  I–V  characteristics are explained by 
the diode equation  I = Ir exp q V

nkT
− 1( )[ ]  , where  n  is device 

ideality factor,  I  r  is reverse saturation current,  q  is charge, and 
 k  and  T  are the Boltzmann constant and temperature, respec-
tively. [  16  ]  The inset shows the corresponding logarithmic  I–V  
plot, where the ideality factor ( ≈ 2.2) is deduced from the linear 
regime of the forward bias (tangential line). The ideality factor 
greater than unity suggests that the minority carrier transport is 
signifi cantly dominated by carrier recombination, [  16  ]  as studied 
in detail below. 
© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Mater. 2011, 23, 4306–4311
 The minority carrier lifetimes of the 
nanowires are characterized with the RRT 
method, which relies on the transient dynamics 
of minority carriers electrically injected toward 
the depletion regions of p–n junctions. In 
this approach, pioneered by Kingston, [  17  ]  a 
p–n junction diode is initially forward-biased 
and then abruptly switched to a reverse bias, 
and the resultant transient response directly 
corresponds the average lifetime of minority 
carriers in both p and n segments.  Figure    2   
shows the representative RRT characteristics 
of a commercial Si p–n diode tested under 
an abruptly switching forward-to-reverse bias. 
Upon the input bias (Figure  2 a) switching 
from forward ( V  f   =  3 V) to reverse ( V  r   =  –2 V), 
the corresponding current response (Figure  2 b) 
shows three distinct phases: 1) constant forward 
current ( I  f ) in the forward regime, 2) constant 
reverse current ( I  r ) for a short period of time 
(storage time,  t  s ) in the reverse regime, and 
3) slow decay or saturation of the reverse 
current (recovery time,  t  r ). The emergence 
of the reverse current with the storage time 
represents the recombination of the injected 
excess minority carriers, and the recovery 
phase refl ects the diffusion or depletion of 
the carriers. [  18  ,  19  ]  The relationship between 
the minority carrier lifetime   τ   and measurable 
parameters,  I  f ,  I  r , and  t  s  is known to be, [  18  ,  19  ] 
 
ts = J ln

(
1 +

If

Ir

)
  

(1)
   

   The carrier lifetime measured by the RRT method is the 
average (effective) carrier lifetime of individual p and n minority 
carriers [  18  ,  19  ]  and is used in evaluating the photovoltaic effi ciency 
of p–n junction solar cells. [  20  ,  21  ]  A lower (higher) value of the 
lifetimes represents a shorter (longer) carrier diffusion length, 
which results in a lower (higher) short current, thus a lower 
(higher) photovoltaic effi ciency.  Equation (1)  predicts a linear 
relationship of vs  t  s , from which the lifetime   τ   is determined. 
From the plot in Figure  2 b and  Equation (1) , we measure  t  s  
under varying  I  f / I  r  and confi rm the linearity (Figure  2 b, inset) 
with a slope of  ≈ 2.9  μ s, which corresponds to   τ  . 

   Figure 3   shows the representative RRT characterizations of 
axial p–n junction Si nanowires. In the single nanowire FET 
(Figure  3 a, inset), a strong transient characteristic (Figure  3 a, 
solid line) is observed from the segment showing current 
rectifi cation (p–n junction, AB), similar to that of the com-
mercial diode. Meanwhile, a constant current is observed in 
the non-rectifying segment (single composition, BC) under 
both forward and reverse biases (Figure  3 a, dotted line). 
The carrier dynamics were further characterized with other 
nanowires (Figure  3 b,c). Figure  3 b shows the RRT charac-
teristics of a single p–n junction nanowire with a diameter 
of 141 nm. Focusing on the transient regime, we extract  I  f , 
 I  r , and  t  s  and obtain the minority carrier lifetime of 137 ns 
using the  Equation (1) . We also note that as the input bias of 
4307heim wileyonlinelibrary.com
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      Figure  2 .     RRT characterization of a commercial Si p–n diode. a) Input volt-
ages applied in a square wave form. b) The corresponding output current 
response separating  I  f ,  I  r , and  t  s . Inset shows the linear plot of  ln 1 + If

Ir( )   . 

      Figure  3 .     RRT characterizations of axial p–n junction Si nanowires. a) Dif-
ferent transient characteristics from the segments of p–n junction (solid 
line) and single composition (dotted line). Inset shows the SEM of the 
corresponding nanowire FET. b) Typical RRT characteristics of a single 
nanowire with  I  f ,  I  r , and  t  s . c) RRTs under varying  V  f  showing a shorter  t  s  
with smaller  V  f / V  r .  
 V  f / V  r  is increased,  t  s  is increased as the  Equation (1)  predicts 
(Figure  3 c). Since higher  V  f / V  r  represents a larger number of 
injected minority carriers with a shorter depletion width, a 
larger  t  s  refl ects a longer time for the complete recombination 
or saturation of the excess carriers.  

 To understand the effect of the nanowire surface on car-
rier transport, we measured the minority carrier lifetimes 
in the nanowires of various diameters (3  μ m between con-
tacts).  Figure    4  a shows that the carrier lifetime decreases with 
decreasing nanowire diameter, suggesting a signifi cant surface-
mediated recombination for thinner nanowires. This result is 
consistent with the RRTs of epitaxially grown micrometer-sized 
SiC p–n junction pillars, [  22  ,  23  ]  which shows a similar depend-
ence of the carrier lifetime on the pillar diameter. The recom-
bination dynamics of the minority carriers in a p–n junction 
nanowire constitutes the contributions from bulk and surface 
recombination, which is

 
RnwB

(
d

2

)2

h = RbulkB
(

d

2

)2

h + Rsur (Bd) h
  

(2)
     

 where  R  nw  ( R  bulk ) is the effective recombination rate of a 
nanowire (bulk), and  R  sur  is surface recombination rate,  d  and 
 h  are the diameter and the length of the nanowire, respectively. 
The above equation is rewritten as
8 © 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
 

1
Jnw

=
1

Jbulk
+

4S

d   
(3)

   

where   τ   nw  (  τ   bulk ) represents the nanowire (bulk) carrier lifetime 
and  S  is surface velocity. [  8  ,  16  ,  24  ]  This equation predicts a linear 
relationship between 1/  τ   nw  and 1/ d  (linear fi t in Figure  4 a), and 
the intercept and the slope of the linear fi t yield   τ   bulk   ≈  10  μ s and 
 S   ≈  42 cm s  − 1 . The minority carrier lifetime in a p–n junction 
mbH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 4306–4311
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      Figure  4 .     a) Diameter-dependent change of carrier lifetime. Inset shows the enlarged region around the intercept (black rectangle). b) Diameter-
dependent change of device ideality factor. c) Log  J – V  plots of nanowires with two different diameters. d) Plot of  J  vs 1/ d  at –1 V with various diameters 
showing a signifi cant deviation from the carrier lifetime model at small  d.  e) RRT characteristics with (solid line) and without (dotted line) PECVD-SiN  x   
surface passivation. Inset shows the  I–V  characteristics from the same surface-passivated nanowire.  
is known to be  J =
(

1
FNrL th

)
   where   σ   is the cross-sectional area 

for carrier captures,  N  r  is the density of recombination centers, 
and   υ   th  is the thermal velocity. [  16  ]  Given that   σ   and   υ   th  are not 
nanowire diameter dependent, the above results imply that  N  r  
is the main factor to reduce the carrier lifetime. In fact, the 
defect densities of VLS nanowires are known to increase with 
decreasing diameters owing to the enhanced density of Si/
native-oxide interface traps and surface dangling bonds. [  25  ,  26  ]  
The nanowire-diameter-dependent decrease of carrier diffusion 
lengths was also observed in VLS nanowires of homogeneous 
compositions and geometries, [  6  ,  27  ]  while these studies represent 
the carrier transport over nanowire–metal Schottky barriers. 
Moreover, the present study suggests that Au-mediated deep-
level recombination, [  16  ]  from any unintentionally incorporated 
© 2011 WILEY-VCH Verlag GAdv. Mater. 2011, 23, 4306–4311
Au is insignifi cant compared to the surface effect, consistent 
with previous EBIC characterizations with Au-catalyzed Ge 
nanowires. [  6  ]  

 Since the device ideality factor is the empirical fi tting para-
meter used to assess the carrier transport mechanism in p–n 
junction diodes, [  16  ]  we plot the ideality factor as a function of 
nanowire diameter (Figure  4 b). We observe that the ideality 
factor increases with decreasing diameter, which becomes 
more pronounced in thinner nanowires (particularly below 
 ≈ 40 nm), consistent with previously studied Ge nanowire/Au 
Schottky junction. [  24  ]  This fi nding indicates that minority car-
riers undergo signifi cant surface recombination with enhanced 
surface-to-volume ratio, consequently, current rectifi cation 
greatly deviates from the ideal transport. 
4309mbH & Co. KGaA, Weinheim wileyonlinelibrary.com
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  Diameter-dependent transport properties were further 

studied by characterizing the current densities of nanowires. 
Figure  4 c shows the logarithmic plot of current density  J  
versus applied bias  V  with nanowires of two different diame-
ters, 101 nm and 29 nm. Interestingly, the current density of 
the thinner one is higher at small and reversed biases (below 
 ≈ 0.2 V in this case), which has been consistently observed with 
nanowires of various diameters. To explain the phenomenon, 
the model to describe the non-ideal transport properties of p–n 
junction diodes is employed [  16  ] 

 
J = Jf

[
exp

(
q V

kT

)
− 1

]
+ Jr

[
exp

(
q V

2kT

)
− 1

]
  

(4)
   

and its empirical expression is given by  J ≈ J0

[
exp

( q V
nkT

) − 1
]
  . 

In this equation,  J  f  is the diffusion current density, which rep-
resents the diffusion of thermally generated carriers within 
the neutral regions, as given by  Jf = q Dpn2

i
Lp ND

+ q Dnn2
i

Ln NA
  , where  n  i  is 

intrinsic carrier concentration,  D  p  ( D  n ) is the hole (electron) 
diffusivity,  L  p  ( L  n ) is hole (electron) diffusion length, and 
 N  A  ( N  D ) is acceptor (donor) concentration.  J  r  is the genera-
tion–recombination current density to represent the thermal 
generation–recombination of minority carriers inside the deple-
tion region, as given by  Jr = qniW

2J
  , where  W  is the depletion 

width across the p–n junction and   τ   is the minority carrier life-
time. [  16  ]  It is known that  J  r  is much greater than  J  f  for semicon-
ductors with relatively small  n  i , such as Si ( n  i   =  1.45  ×  10 10  cm  − 3 ) 
and GaAs ( n  i   =  1.79  ×  10 6  cm  − 3 ), while in some semiconductors 
with large values of  n  i  such as Ge ( n  i   =  2.4  ×  10 13  cm  − 3 ),  J  f  may 
dominate. [  16  ]  In addition, the dependence of the exponential 
terms weakens as  V  becomes large and negative. Therefore, the 
carrier transport is dominated by the generation–recombination 
of minority carriers and the current density is expressed as 
 J ≈ Jr = qniW

2J ∝ 1
J   , which is valid when the absolute value of 

the reverse bias is approximately greater than 2 kT / q . [  28  ]  This 
analysis suggests that  J ∝ 1

d    given a constant  W,  since  1J ∝ 1
d   as 

confi rmed above (Figure  4 a and  Equation (3) ). It is noteworthy 
that a similar diameter-dependent change of the current density 
was also observed in VLS-Ge nanowires probed by a Au nano-
probe, where the current rectifi cation is attributed to the Au-Ge 
Schottky junction. [  24  ]   

Figure  4 d shows a plot of  J  versus 1/ d  at a reverse bias of –1 V 
and clearly reveals that  J  increases with decreasing  d . In antici-
pation of the linear relationship of  J ∝ 1

d   , we linearly fi t the data 
corresponding to relatively large diameters (greater than  ≈ 45 nm, 
Figure  4 d red line) and note that the linearity deviates with 
smaller diameters. This discrepancy is attributed to the change 
of depletion width  W  with varying nanowire diameters. Recent 
theoretical analysis [  24  ,  29  ]  and electrical [  26  ,  30  ]  and microscopy [  6  ]  
characterizations reveal the decrease of dopant concentrations 
with decreasing nanowire diameters. These studies suggest that 
the depletion widths of p–n junction nanowires are expected to 
increase with decreasing diameters, [  16  ,  29  ]  although the exact cor-
relation of  W  versus  d  needs further investigation. We note that 
the increase of current densities at small and reversed biases 
was also observed in microsized AlGaAs/GaAs p–n junction pil-
lars with their diameters decreased by dry-etching. [  31  ]  Similarly, 
epitaxially grown SiC p–n junction diodes show the increase of 
the reverse saturation current with surface defects introduced 
0 © 2011 WILEY-VCH Verlag wileyonlinelibrary.com
during the growth, [  23  ]  further supporting our observation. The 
present study strongly confi rms that minority carrier transport 
properties degrade with enhanced surface recombination, and 
emphasizes the importance of a surface passivation to suppress 
the surface recombination and elongate the carrier lifetime. 

 Finally, we investigate the effect of a surface passivation on 
the carrier dynamics using SiN  x   as a surface passivation layer. 
SiN  x   (10 nm thick) is deposited on the nanowire surfaces (with 
windows for metal contacts) by plasma-enhanced CVD (PECVD) 
immediately following HF etching. The SiN  x  -covered nanowires 
typically show similar current rectifi cation to the previously 
discussed non-passivated nanowires. Figure  4 e (inset) shows 
the  I–V  characteristics of a SiN  x  -covered nanowire (dia meter 
180 nm) with an ideality factor of  ≈ 1.7. The corresponding 
RRT characteristics (Figure  4 e, solid line) yields a lifetime of 
 ≈ 348 ns, which is  ≈ 2.6 times longer than those of the nanowires 
of comparable diameters without SiN  x  . In order to directly com-
pare the lifetime with and without the surface passivation, we 
applied a drop of HF (5%) on the same nanowire surface and 
rinsed with deionized water, which removes the SiN  x   layer. The 
dotted line in Figure  4 e shows the RRT characteristics of the 
same nanowire after the SiN  x   strip. With a similar value of  I  f / I  r  
compared with the SiN  x  -covered state,  t  s  becomes smaller with 
the passivation layer removed leading to a short carrier lifetime 
of  ≈ 146 ns, suggesting the enhanced carrier recombination with 
the unpassivated surface exposed. 

 In conclusion, we have studied the minority carrier dynamics 
of VLS-grown axial p–n junction Si nanowires using the RRT 
method. Based on the characterizations of nanowire-diameter-
dependent electrical properties, we conclude that the surface 
effect dominates the minority carrier transport and confi rm that 
the surface recombination is suppressed by surface passivations. 
The present study has important implications for designing 
photo voltaic devices using p–n junction Si nanowires as 
building blocks. Although reducing the diameters of nanowires 
is generally regarded as a means to provide advantages in photo-
voltaic properties, we have shown that it would also decrease the 
minority carrier lifetime and enhance the surface recombina-
tion, therefore, degrading the resulting photovoltaic effi ciency.  

 Experimental Section 
  Nanowire Synthesis and Device Fabrication : Axial p–n junction 

Si nanowires were grown inside a cold-walled CVD reactor using 
commercial Au colloids as catalysts. Silane (SiH 4 : 300 SCCM) was 
used for Si growth, and diborane (B 2 H 6 : 10 SCCM) and phospine (PH 3 : 
100 SCCM) were used for p- and n - doping, respectively. Growth was 
conducted using H 2  as the carrier gas at 550  ° C and 3 Torr. For device 
fabrication, as-grown nanowires were fi rst transferred to oxide-covered 
(200 nm thick) Si wafers following HF etching. Al contacts (200 nm 
thick) were subsequently defi ned by the photolithography and lift-off 
technique using a photomask and an electron-beam evaporator. 

  Lifetime Measurement : Si wafers with fabricated devices were diced 
into individual chips ( ≈ 3 mm  ×  3 mm). Each chip was mounted and 
wire-bonded to a dual-inline package  which was connected to a function 
generator (Tektronik 3252) using BNC cables. Voltage inputs were 
applied to the devices through the function generator, which was serially 
connected to an oscilloscope (Tektronik 4104) and load resistors. The 
current response and transient characteristics were monitored in-real 
time by the oscilloscope.   
GmbH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 4306–4311
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 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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