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Figure 2.1: 26 
Illustration of the photoelectric process in a semiconductor material.  A photon is 
absorbed when it has enough energy to excite an electron from the valence band 
to the conduction band, leaving behind a hole. 
 
Figure 2.2: 27 
Diagram of a photoconductor.  Incident light generates excess electrons and 
holes which under an applied bias create a current in the material. 
 
Figure 2.3: 31 
Illustration of nanowire dimensions used in our silicon nanowire photodetectors.  
These structures consist of diameters between 100 to 200 nm, with a length of 4 

m and spacing between 0.5 to 2 m. 
 
Figure 2.4: 33 
Diagram of phototransistive process.  (a)  Surface states cause mobile carriers to 
be trapped at the surface, causing the nanowire body to be depleted, a radial 
electric field, and bandbending.  (b) When light is absorbed, electrons and holes 
are generated.  Photons with energy greater than the bandgap will create�… 
 
Figure 2.5: 34 
Diagram of important terms in a nanowire phototransistor.  These terms include: 
total number of free holes ( fp ), free electrons ( fn ), and trapped holes( tp ), 

capture time by a surface state for holes( h
c ) and electrons ( e

c ),hole escape 

time( h
e ), and the transit times for holes ( h

tt ) and electrons ( e
tt ). 

 
Figure 2.6: 40 
Plot of S/N ratio for single photon detection limit.  Plot generated from equation 
(2.19) in Matlab with h

c =1 s and tt=100 ps at various dark currents. 
 
Figure 2.7: 41 
Diagram of structure simulated in Silvaco.  The device consists of a uniformly 
doped p-type silicon (blue), surrounded by air (green).  Surface states are 
defined at the silicon/air interface and light input from the side.  Pseudo-3D 
simulation is performed by taking a radial slice (pink) and integrating around�… 
 
Figure 2.8: 43 
Illustration of surface state distribution in simulated nanowire structure.  The 
states consists of two Gaussian curves located at 0.4 eV above and below the 
valence band and conduction band respectively for donor and acceptor states 
with a full width half maximum of 0.1665 eV. 
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Here a simplification is taken by noting that the capture time of electrons is 

much shorter than holes since in the former case, the potential gradient 

sweeps the electrons to the surface while in the latter case the potential 

creates a barrier for holes to become trapped.  From this equation we can see 

that the total current is dependent on the number of carriers in the channel 

from holes that escape the surface states and the total generation rate from 

thermal and optical processes, all of which is amplified by the amount h h
c tt .  

This term we define as the steady state phototransistive gain, written out 

formally as: 

 
h
c

dc h
t

G
t

 (2.12) 

This term looks surprisingly like that of a photoconductor with one important 

difference: for the phototransistor, the time constant in the numerator is now 

the capture time of the majority carrier, in this case holes, not the minority 

carrier recombination lifetime in a photoconductor.  This important quality 

demonstrates that when designed properly, the gain of the phototransistor can 

be substantially higher than a photoconductor.  To obtain an idea of the 

magnitude of this value, we can estimate that for a device with a typical transit 

time of ~100 ps, and a hole capture time of ~100 s, the steady state gain 

would be on the order of 106.  The substantial amount of gain in such a device 

holds great promise for detecting very low photon numbers.   



!"#

$%#&%'()*+,-#,./0#&)',.-'1#2-#3+4#(+,.-(+,/3+**5#6-'/7-#,.-#'-08%40-#%&#

,./0#0,')3,)'-#,%#,.-#+90%'8,/%4#%&#+#0/4:*-#8.%,%4;##$%#6%#,./01#2-#0,+',#2/,.#,.-#

'+,-# -<)+,/%40# 0--4# -+'*/-'# /4# -<)+,/%4# =>;?@1# 9),# 2/,.# +4# +66/,/%4+*# /(8)*0-#

,-'(#2/,.#,.-#(+:4/,)6-#%&#%4-1#0/:4/&5/4:#,.-#3'-+,/4:#%&#+#0/4:*-#-*-3,'%4A.%*-#

8+/'#+,#,/(-#,BCD#

#

! "
! "#"$ $

% &

! " !
" $ $ &

% & %

! "#"&
%

' '( ' ) "
("

' ' *( '
("

*( * ) "
("

# =>;E!@#

$%#0%*7-#&%'#,.-#,/(-#6-8-46-4,#0%*),/%401#2-#()0,#,+F-#,.-#G+8*+3-#,'+40&%'(#

,%#*/4-+'/H-#,.-#0-,#%&#6/&&-'-4,/+*#-<)+,/%40D#

#

= @
C E

= @
C

C E

" "#"!
! ! $ $

% &

" !!
" " $ $ &

% & %

! "#"
! ! &

%

+ , )+ ,,+ , +
,

+ , - ,+ ,,+ , +

- , ),- , -
,

# =>;EI@#

$./0# 0-,# %&# -<)+,/%40# 3+4# ,.-4# 9-# 0%*7-6# +*:-9'+/3+**5# 2/,.# ,.-# &%**%2/4:#

'-+0%4+9*-#+00)(8,/%40D#,.-#-*-3,'%4#3+8,)'-#,/(-#/0#&+0,#=# E&
% , @1#,.-#.%*-#

-(/00/%4#,/(-#/0#0*%2#= E$
% , @1#,.-'-#+'-#(+45#,'+88-6#.%*-0#+,#,.-#0)'&+3-#

= C E"+ @1#+46#,.-#4)(9-'# ,'+88-6#.%*-0# /0#:'-+,-'# ,.+4#,.-#&'--#-*-3,'%40#



!"#

$ % %! "# $ &'# # ()*+,-.# /01# 21/# )3# 1456/,)-2# 6-7# /68,-.# /01# ,-+1921#

/96-23)9:#;,1*72<#

#
% #

% #

! !

%! &
" "

' ! '

' ! ' (
# $='>?&#

@1#211#/06/#3)**)A,-.#6#2,-.*1#B699,19#.1-196/,)-#1+1-/C#/01#6+196.1#-5:D19#)3#

/96EE17#0)*12# 7)12#-)/# 2,.-,3,B6-/*;# 7,3319# 39):# /01# ,-,/,6*# +6*51C# 6-7# /06/# /01#

-5:D19#)3#3911#0)*12#6+196.17#)+19#:6-;#1+1-/2#20)A2#6-#1FE)-1-/,6*#71B6;#

A,/0#6# /,:1#B)-2/6-/#)3# /01#0)*1#B6E/591# *,31/,:1'# #G0121#+6*512#B6-# /01-#D1#

5217#/)#3,-7#/01#B06-.1#,-#B5991-/#62<#

# %
%! &

" "% %
! !

( () ! ' ! ' (
! !

# $='>H&#

I-#6-;#:162591:1-/#2;2/1:C# ,/# ,2#-)/# /01# ,-2/6-/6-1)52#B5991-/#/06/# ,2#

:1625917'# # J-;# 2;2/1:# A,**# 06+1# 6# *,:,/17# D6-7A,7/0# 6-7# A,**# )5/E5/# 6-#

,-/1.96/17#2,.-6*'##G052#/01#:1625917#B06-.1#,-#B5991-/#,2<#

#
#3)9#

>
#3)9#

%
%&%* ! & &%% %* !+ & &

% %
%! !
&%

!

( *( ,! ! *(() (
*! ! * ( *

!

# $='>K&#

A0191#A1#06+1#,-/1.96/17#/01#B5991-/#2,.-6*#3)9#6#E19,)7#)3#G'##@1#B6-#211#/06/#

/0,2#1FE9122,)-#B6-#D1#2,:E*,3,17#3)9#/A)#7):6,-2'##@01-#/01#,-/1.96/,)-#/,:1#

,2# :5B0# .916/19# /06-# /01# 0)*1# B6E/591# /,:1# B)-2/6-/C# /01# 2,.-6*# 6:E*,/571#

71E1-72# ,-+1921*;# )-# G'# # G052# 3)9# 6# +19;# *)-.# ,-/1.96/,)-# /,:1C# /01# 2,.-6*#

D1B):12#+19;#A168'##@01-#/01#,-/1.96/,)-#/,:1#,2#:5B0#20)9/19#/06-#/01#0)*1#



40 

capture time, the result is a constant, only dependent on the hole transit time.  

A compromise must therefore be found to find the integration time that leads to 

the largest detectable signal.  To obtain an idea of this value, we first need to 

consider the intrinsic noise of the detector.  In general, the major noise 

sources of a device are excess noise, thermal noise, shot noise, and 

generation-recombination (GR) noise.  For our high impedance device, the GR 

and shot noise are the dominating factors and can be expressed as: 

 2
2

2
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1 2

h h
c t
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eIB t
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B
 (2.18) 

where the bandwidth is 1 2B T .  This noise expression is modified from the 

traditional GR expression18 by a change in coefficients from 4 to 2, since our 

device is a single carrier device.  Thus, the signal to noise (S/N) ratio is: 
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 (2.19) 

 

Figure 2.6:  Plot of S/N ratio for single photon detection limit.  
Plot generated from equation (2.19) in Matlab with h

c =100 s 
and tt=100 ps at various dark currents.  
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This function is plotted in Figure 2.6 using a hole capture time of 100 s and 

transit time of 100 ps at various dark current levels, and the S/N ratio is found 

to be large enough to detect a signal when the integration time T is 

comparable to h
c .  The S/N ratio is found to depend heavily on the dark 

current of the device, since the dark current can be a significant noise source.  

Thus it is theoretically possible to detect single photon resolution in these 

nanowire devices, provided that the nanowire is fully depleted, the dark current 

is small, and the external noise of the system is kept to a minimum. 

 

2.5 Device Modeling 

 

Figure 2.7:  Diagram of structure simulated in Silvaco.  The 
device consists of a uniformly doped p-type silicon (blue), 
surrounded by air (green).  Surface states are defined at the 
silicon/air interface and light input from the side.  A pseudo-3D 
simulation is performed by taking a radial slice (pink) and 
integrating around the nanowire.  Device dimensions are: 100 
nm in radius and 1 m in length.  
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