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Conduction  Studies in Silicon Nitride:  Dark  Currents 
and  Photocurrents 

Abstract: Dark  conduction and  photoconduction phenomena in amorphous, stoichiometric Si,N, films incorporated into metal-silicon 
nitride-silicon (MNS)  structures  are studied in detail. Results demonstrating the  importance of hole  conduction in Si,N, thin films are 
presented.  The  importance of trapped  space charge  injected  from the  contacts  is shown in an  analysis of the effects of Si,N, thickness 
and  the  choice of gate  metal on conduction.  Contact effects that  are  apparent in the  current  characteristics of thin Si,N, layers  become 
dominated by bulk conduction  mechanisms as the silicon nitride film increases in thickness.  Optical  interference  effects in photoconduc- 
tion are used to  determine  the origin of photocarriers. 

introduction 
Silicon nitride is a wide-bandgap  insulator that  can be 
used as a  charge storage layer in nonvolatile  memories 
like the metal - silicon nitride - silicon dioxide - silicon 
(MNOS)  structure.  In  MNOS devices the trapping of 
electrons  or holes in the silicon nitride layer is utilized 
for information storage. A basic knowledge of the phys- 
ics of the conduction and trapping  properties of this 
layer is important in understanding the read-write-erase 
and  fatigue characteristics of MNOS  devices. In this 
study, a simple structure with the silicon nitride  layer 
sandwiched  between  a silicon substrate  and a metallic 
field plate is used to  evaluate  these  properties. 

With insulators such  as silicon nitride, in which con- 
duction of both electrons and  holes  and their trapping 
may be  important [ 1 - 71, only  a  broad  experimental 
program using several different techniques can begin to 
clarify the various  physical processes  that  occur in 
metal - silicon nitride- silicon (MNS)  structures. Photo- 
current,  dark  current, optical interference, and ca- 
pacitance-voltage  techniques are used as  part of this 
investigation of silicon nitride. The first three of these 
are discussed here and the  latter in another publication 
[ 81. In addition, contact  electrode material, silicon nitride 
thickness, and temperature [ 81 are varied to  explore 
contact and bulk properties of these MNS structures.  It 
is known [ 9- 111 that varying the composition of the 
Si,N, films changes their conduction properties. The 
purpose of this study, however, is to examine in detail 
only amorphous, stoichiometric films. Preliminary re- 
ports of some results from  these  experiments  have been 
published [ 1, 21. 

The  importance of hole  injection  into and conduction 
through Si,N,  films is stressed throughout.  Early  inves- 
tigators of the conduction properties of Si,N,  films 
overlooked  this  and interpreted their results  as bulk- 
controlled  conduction of electrons [ 9, 12- 131. Recent 
experiments,  however,  have shown the  important role 
that holes play in the conduction properties of Si,N, [ 1 - 
5 ,  81. For negative gate bias, all these  experiments indi- 
cate a  dominant  hole  conduction  mechanism in the Si,N, 
film [ 1 - 5 ,  81. Our internal  photoemission experiments 
under positive gate bias on MNS structures with very 
thin (m 200 A) Si,N, layers [ l ]  and the Weinberg 
“carrier  type”  measurements with positive-corona- 
charged Si,N, layers  on Si substrates with shallow junc- 
tion detectors  [4] both  indicated that holes  were the 
dominant  charge carrier.  On  the  other  hand, Yun’s 
“charge  centroid”  measurements  on  MNOS  structures 
with  a thin tunnel SiO, layer [ 3 ]  and  the  Ginovker  et al. 
carrier  type  measurements  on similar tunnel oxide 
MNOS  structures incorporated  into transistor configura- 
tions [5] implied that  electrons injected  from the Si  sub- 
strate were the dominant charge  carrier.  These  results 
suggest that  for positive gate bias either holes or elec- 
trons may be the dominant charge  carrier, depending on 
the experimental  situation. This conclusion was also 
reached in some of our  other  recent  work [ 2, 81. 

In  the experimental section of this  paper,  various  re- 
sults  are shown for  dark  currents  and  photocurrents in 
MNS structures with various contact materials and 
Si,N, thicknesses.  The  data indicate  a  gradual  transition 
from currents  that  are more  contact-limited on the thin- 227 
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Figure 1 Experimental  set-up for photocurrent and dark  cur- 
rent  measurements.  Lock-in  amplifier and light chopper  were 
used only for certain experiments. 

nest Si,N, samples (m 200 A) to  more bulk-limited on 
the  thickest (X 3 000 A) .  Also,  extensive  photocurrent 
measurements  are  described  that  are performed on 
MNS structures with thin Si,N, layers  (425 A) under 
negative gate bias in a study of the photoexcited  hole 
injection  mechanism  from the Si substrate  into  the Si,N, 
layer. 

In  the analysis section,  dark  current  and  photocurrent 
data  are modeled for  dominant hole  injection from  the Si 
under negative gate bias. Also, calculations of optical 
interference effects in the MNS structures  and  their rela- 
tionship to  the experimental data  and  to  the origin of 
photocarriers  are  described. Reflectances of MNS struc- 
tures  are  measured experimentally and  compared  to the- 
oretical  calculations to  test  the validity of the optical 
constants  (index of refraction and  absorption coeffi- 
cient) used in the  analysis in Section 4. 

2. Experimental details 
Si,N,  films  of thicknesses varying from  220  to  3100 A, 
as measured by ellipsometry, were chemically vapor 
deposited on silicon at 915°C (1 188 K )  in a hot-wall fur- 
nace with a NH,/SiH,  ratio in the gas phase of 150/1 
and a  deposition rate of 58  A/min. Both n and p type 
(100) silicon substrates  were used  with  resistivities of 
0.001 (degenerate)  and 2 a -cm with no intentional oxide 
present, although a native  oxide film of less than 15 A 
may be present prior to silicon nitride  deposition. The 
gate  metallization on  the  MNS  structures  was performed 
at  Torr ( 1 O-, Pa) from an rf-heated  crucible to pro- 

228 vide  circular semitransparent metal dots of Au,  Al,  or 
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Mg having an  area of 1.27 X lo-' cm2  and of thickness 
100-270 A. The spreading resistance  across  the 50-mil 
dots  on  the  MNS  structures was  less  than 60 a. Back 
metallization of  AI was  added  to  ensure good electrical 
contact  to  the silicon.  Optical transmittance of these met- 
al electrodes was determined  from metal films that  were 
simultaneously deposited  on clean quartz  disks during 
electrode metallization using a calibrated Reeder  thermo- 
pile and chopped-light techniques.  The index of refraction 
of the Si,N,  films was 2.01 as  measured by ellipsometry 
at a  wavelength of 5461 A, which corresponds  to 
what is considered to  be a  stoichiometric  composition 
[ 1 1, 14, 151. The  static dielectric constant of the  SIN, 
was 7.5 as  deduced  from MNS capacitance. 

The experimental set-up  for all the  dark  and  photocur- 
rent  measurements is shown in Fig. 1. The light source 
was a 900-W xenon  lamp.  A  500-mm  Bausch and  Lomb 
grating monochromator blazed at  300 mprn,  with  a  re- 
ciprocal  linear  dispersion of 3.3 mpm/mm  set  for a 5- 
mpm  bandpass,  was used between  the xenon  lamp  and 
the  MNS sample. The image of the  monochromator  exit 
slit  always  completely covered  the sample electrode  area. 
This  monochromator  was equipped with a quartz colli- 
mating system  at  the  entrance slit and a quartz  achro- 
matic  focusing system  at  the  exit slit. Cutoff filters 
were used to  remove  second-  and higher-order light 
wavelengths. In  some  experiments  where  the light inten- 
sity was  varied,  metal screens  were used in front of the 
sample. For  dark  current and continuous light photocur- 
rent  measurements a  Keithly 417  fast  picoammeter  was 
used in series with the MNS sample, which was  biased 
using stable mercury  batteries. For chopped-light  photo- 
current  measurements, a 13-Hz Bulova light chopper 
was used,  the signal from  the MNS structure being de- 
tected by a PAR 124 (Princeton Applied Research) 
lock-in amplifier. In all chopped-light measurements, 
only MNS structures with degenerate Si substrates  were 
used,  and so photoconductive  and photovoltaic  effects in 
the Si  were negligible. In  some  measurements  where 
high voltage  biases were utilized, the Keithly 417  was 
used because of its low input  impedance (less than 1 
mV  on any range)  between  the MNS and the  PAR 124 
lock-in amplifier to  prevent any  voltage drop  across  the 
PAR 124  input. This  instrumental configuration also 
allowed a  simultaneous measurement of small photo- 
currents and large dark  currents. 

The  sample was held in  a  vertical  position by a  vacuum 
chuck,  the direct contact  to  the 50-mil-diameter  semi- 
transparent metal gate being obtained  with  a 9-mil- 
diameter gold plated  probe. This  probe was  positioned 
near  the edge of the metal gate  at  an angle, as  shown in 
Fig. 1, to minimize shadowing  effects in the  photocurrent 
measurements.  The samples were measured at room 
temperature in air and  were  stored in a nitrogen dry box 
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when not in use.  Under these storage conditions, there 
were no significant changes in time of the Si,N, prop- 
erties reported here. 

In transmission and reflection measurements, light in- 
cident  on and reflected from MNS structures was mea- 
sured using the thermopile  and the chopped-light  tech- 
nique. The light was  chopped at 13 Hz and the signal 
from  the thermopile applied to a PAR 190 low noise 
transformer before being detected by a PAR 124 lock-in 
amplifier. 

3. Experimental  results 
Data  for a  variety of dark  current and photocurrent 
measurements  on MNS structures  are  presented.  The 
experimental techniques used to  produce reproducibility 
for  these  measurements from sample to sample are dis- 
cussed. Although other equally  satisfactory  data-taking 
procedures were  tried  and did lead to detailed differ- 
ences,  the general conclusions reported  here still obtain. 
Reflectance measurements  are  also  described,  and their 
relationship to  the optical constants of the  MNS  struc- 
tures is shown. 

Dark  currents 
Dark  current  data  are generated by increasing the ap- 
plied field in 1 MV/cm steps  on a virgin location and by 
measuring the  current  two min after  each  step increase. 
This technique was  chosen because of the difficulty in 
achieving a steady  state condition,  especially at low 
fields, which is due to trapped space charge  effects in the 
Si,N, layer. From capacitance-voltage measurements, 
the initial charge state of the Si,N, film for  the various 
MNS structures was  found to be  approximately  neutral 
after  correction  for  surface  states and contact potential 
differences. This result  has also been observed by others 
[ 161. Results of these  dark  current  measurements  for 
different gate  metals (AI, Au, Mg),  substrate doping (n 
or p degenerate) and Si,N, thicknesses (220 to 3 100 A) 
were reported previously [2], where it was observed 
that MNS  structures with thin Si,N, layers (220  to  230 
A )  sensitively reflect the  contact material. Dark  current 
as a  function of the magnitude of the  average field of 
AI - Si,N,- n-degenerate Si and Au - Si,N,- n-degener- 
ate Si MNS  structures for the Si,N, thickness  range 
studied is shown in Figs.  2  and  3 for both voltage polari- 
ties. The  average field, Ea\, using the Si-Si:,N, interface 
as  the origin of coordinates, is defined as 

Eav=-  ( V c - 4 m s - + s ) / L ,  ( 1 )  

where V ,  is the voltage applied to  the metal gate, +,,,s is 
the metal-silicon  work  function  difference in volts 
[ 17, 181, L is the Si,N, thickness,  and +s is the Si sur- 
face potential [ 17, 181. For  degenerate Si substrates, $s 

is negligible for the  average fields of interest. 
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There  are  several  important  features of Figs.  2 and 3 
that  are used in later  sections  to show the  importance of 
hole  injection  from the  contacts, a  transition from mostly 
contact-  to mostly bulk-limited dark conduction with 
increasing silicon nitride thickness, and the  dominance 
of hole conduction  for negative gate bias: 

1 .  For  the AI- Si,N,-n-degenerate Si MNS structures, 
there is a polarity  difference in the  dark  current  data 
of Figs. 2 (a)  and 2 (b ) ,  in which negative  gate  bias 
gives  larger dark  currents.  The polarity difference de- 
creases with increasing Si,N, thickness,  due  to  the 
contact-limited to bulk-limited transition. This effect 
has also been seen by others [ 13, 19, 201. How- 
ever,  for  Au-Si,N,-n-degenerate Si MNS structures 
[Figs.  3(a)  and 3 (  b)]  , the dark currents  are approxi- 
mately  identical for both  polarities for Si,N, thick- 
nesses of 425 A or more because hole  injections  into 
Si,N, from Au and  Si encounter a similar interface 
energy barrier of about 2 eV as  compared to AI, 
which is 3 eV [ 1 ,  2,  81. 

2 .  For negative gate bias there is little or  no  dependence 
on  gate metal because of dominant  hole  injection 
from the Si. However,  for positive gate bias, Au 
metal gate MNS structures have  larger dark  currents 
than comparable AI structures  because of hole injec- 
tion and  dependence  on  the gate electrode.  This ef- 
fect decreases with increasing Si,N, thickness  be- 
cause of the contact-limited to bulk-limited transition. 

Dark  current  data  as a  function of average field for 
AI - Si,N, - p-degenerate Si and A1 - Si,N, - n-degenerate 
Si MNS  structures were  identical within the reproduci- 
bility of the measurement for like polarities for Si,N, 
thicknesses of 425 A or more. MNS  structures with Mg 
gate electrodes  were studied  only for Si,N, thicknesses 
of 220 and 425 A, the  dark  current-average field charac- 
teristics for  the 425 A structures being approximately 
identical to  comparable AI gate  structures  for like polari- 
ties. 

Photocurrents 

General  results 
Photocurrent  data were generated with either  continuous 
or chopped-light  irradiation. For  the  case of continuous 
photon  irradiation, after application of the voltage bias 
the  dark  currents were allowed to  decay several hours 
before  the  photocurrent measurements were performed 
point by point from low to high photon energies;  the 
photocurrents  were measured  approximately one min 
after each step  increase of photon  energy. This tech- 
nique  was used because,  as  was  the  case with the  dark 
current  measurement,  charge trapping in the Si,N, layer 
at low fields did produce slow transient effects. At  an 229 
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Figure 2 Dark  current  as  a  function of the  magnitude of the  average field for AI- Si,N,- n-degenerate Si structures with nitride  thick- 
nesses in the  range 220 to 3 100 A. (a )  AI negative  bias. (b )  AI positive  bias. 

average field magnitude of approximately  3 MV/cm, 
dark  currents became comparable  to  the largest photo- 
currents  observed and necessitated  the  use of chopped 
light techniques at higher fields to resolve photocurrents 
from large dark  currents. 

The  cube  root of the  photoresponse  as a  function of 
photon  energy on thin silicon nitride (220 to 230 A )  
MNS structures with various gate metals of AI, Au, Mg 
and substral 
previously [ 
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cated a dominant  mechanism of hole  internal  photoemis- 
sion, which sensitively reflected the  contact material. 
Cube  root  photoresponse  vs photon  energy characteris- 
tics on  thicker silicon nitride (220 to  3100 A )  MNS 
structures  on 0.001 0-cm n-Si substrate with both AI 
and Au gate electrodes  for  average fields of approxi- 
mately k 2  MV/cm and normally  incident light are 
shown in Figs. 4 and 5. The  photoresponse is defined as 

Y = P (photoelectrons/  photon), 
I ho 
S T A  
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Figure 3 Dark  current as a function of the magnitude of the average field for Au- Si,N,-n-degenerate Si  structures  with  nitride  thick- 
nesses in the range 220 to 3100 A.  (a) Au negative bias. (b)  Au positive bias. 

where I ,  is the  photocurrent, S is the incident light inten- 
sity (power per  unit area), 7 is the  transmittance of the 
semitransparent metal electrode, A is the  area of the 50- 
mil-diameter metal top  electrode, and ho is the photon en- 
ergy. The  cube  root quantities  were  used in Figs. 4 and 5 
mainly for  convenience in comparing and displaying the 
data.  However, this type of plot of the  photoresponse 
also allows one  to  determine threshold  energies under 
certain  assumptions  (see section on  photocurrents  under 
"Analysis").  There  are  several important features of 
Figs. 4 and 5 that  are used in later  sections  to  show  the 
importance of hole  injection (internal photoemission) 
from  the  contacts, a transition from mostly contact  (in- 
ternal  photoemission) to mostly bulk-limited (photo- 

conductivity) mechanisms  with  increasing silicon nitride 
thickness, and the  dominance of hole  photoconduction 
for negative gate bias: 

1 .  For MNS structures with silicon nitride thicknesses 
of 425 A or greater, for either AI or Au gates,  there is 
a polarity dependence of the  photoresponse  as a func- 
tion of photon energy, in which photocurrents for 
negative gate voltage  bias are larger  than for positive 
gate  voltage  bias. This  dependence  decreases with 
increasing silicon nitride thickness, showing  a  transi- 
tion from contact-limited to bulk-limited conduction. 231 
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Figure 4 Cube root of the  photoresponse as a function of pho- 
ton  energy  for AI- Si,N,-n-degenerate Si structures with ni- 
tride  thicknesses in the  range 220 to 3 100 A. The magnitude of 
the  average  field  was 2 MV/ cm for all curves.  Experimental data 
were  obtained  point by point  at the same  photon  energies  as 
shown in Figure 7;  lines are used here and in Figure 5 for con- 
venience in comparing  samples  of  varying Si,N, thickness. (a) 
With AI negative  bias. (b) With AI positive  bias. 

2. The low-energy tail regions of these  data  for  an  aver- 
age field  of +2 MV/cm, Le., negative gate bias, are 
independent of gate metal (dominant hole  injection 
from the  Si).  However,  data for -2 MV/cm, i.e., 
positive gate bias, are  dependent  on gate metal (hole 
injection  from the  gate  electrode) with photocurrents 
for Au MNS  structures  present  at lower  photon ener- 
gies. The hole  energy barrier  for  the Au-Si,N, inter- 
face is 1.9 eV as compared  to 3 eV  for AI-Si,N, 
[ I ,  2, 81. This  dependence  decreases with increasing 

232 silicon nitride thickness. Again, this is associated 
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with the transition  from  contact-limited to bulk- 
limited current. 

3 .  The  structure of peaks and  valleys present in the  data 
for photon  energies >3.5 eV  for silicon nitride  thick- 
nesses from 425 to 2910 A is due  to optical  interfer- 
ence, which will be verified in the  other  sections of 
this paper.  The photon  energy  position of this struc- 
ture is approximately independent of voltage  polarity 
or  gate metal. The  currents  are  due  either  to pho- 
toinjection  from the Si or bulk photoconductivity, or 
both. 

4. The  thickness  dependence of the  photoresponse  for 
average fields of e2 MV/cm is very similar to  that 
observed  for  dark  currents  on  comparable  samples. 
See Figs. 2 and 3. 

As was observed  on MNS structures with a thin sili- 
con  nitride layer of 220 to 230 A [ 11, the  photoresponse 
as a  function of photon  energy for  thicker silicon nitride 
layers is very similar for like polarities ( 2  MV/cm aver- 
age field magnitude) for AI - Si,N, - n- or p-degenerate Si 
MNS structures.  The  photoresponse  as a function of 
photon  energy for a  Mg-  Si,N,-n-degenerate  Si struc- 
ture with a 425 A nitride layer is very similar to  data on 
a comparable AI gate  structure  for like voltage  polarities 
at 2 MV/cm average field magnitude.  Although thicker 
silicon nitride  samples with Mg gates  were not fabricat- 
ed, this similarity of photocurrents  for Mg and AI gate 
MNS structures  for like polarities is expected  to hold. 

Results ,for 425 A" - Si,N, 
Extensive measurements were  made to probe the inten- 
sity and voltage dependence  of  photocurrents  for silicon 
nitride MNS  structures 425 A thick. For negative  gate 
voltage  bias, these  data  are  related, in subsequent  sec- 
tions, to a  dominant  hole  internal  photoemission  mecha- 
nism from the Si substrate  into  the Si,N, layer. These 
measurements  are discussed in detail in the  sections fol- 
lowing. 
Intensity  and high jield  dependence Photocurrents for 
an AI - Si,N,- n-degenerate Si MNS  structure with a sil- 
icon nitride thickness of 425 A were linearly dependent 
on light intensity;  the intensity  was  reduced by up to a 
factor of 10' using metal screens.  This linear  relationship 
was observed  for average fields of ?2, &3,  and k 6  
MV/cm and photon  energies of 3 ,  3.5, 4, and 4.5 eV, 
and is consistent with  internal  photoemission [21, 221 
as  opposed to, for  example, space-charge-limited cur- 
rents, which would be sublinear [23]. Both 13-Hz 
chopped light (for k 3  and 2 6  MV/cm average  fields) 
and continuous light (for k 2  MV/cm average fields) 
photocurrent  techniques were  used.  Selected data  for an 
average field of 6 MV/cm  (negative gate polarity) and 
photon  energies of 3, 3.5,  4, and 4.5 eV  are  shown in 
Fig. 6. 
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The  photoresponse  as a  function of photon  energy at 
?6 MV/cm average fields on MNS structures  (425 A 
of Si3N,) with gate metals of AI, Au, Mg and n- and p- 
degenerate Si substrates  (for p-degenerate Si, only Al- 
S$N,-p-degenerate  Si MNS  structures) were also ob- 
tained. These  characteristics  at  an average field magni- 
tude of 6 MV/cm were similar for like polarities  regard- 
less of metal electrode material or  substrate doping, as 
was  seen  for  an  average field magnitude of 2 MV/cm. 
This is discussed in the previous  section on general re- 
sults and  shown in Figs. 4  and 5.  The strong  polarity 
dependence of the photoresponse-photon  energy data 
for an average field magnitude of 2 MV/cm was  also 
present  at 6 MV/cm on these MNS structures  for a 
Si3N, layer  425 A thick. 

Photoresponse us photon energy Photoresponse- 
photon  energy data  on  MNS  structures with thin Si,N, 
layers were  used to  determine  the field dependence of 
hole  energy  barrier  heights at  the Si-Si,N, interface. 
Figure 7 shows  data  for  an AI- Si,N, (425 A )  -n- 
degenerate Si MNS structure.  The  cube  root of the 
photoresponse is given as a  function of photon energy for 
several average fields (AI gate biased  negatively) using 
13-Hz chopped light. Energy barrier heights, q+, are  de- 
termined  from these  data using least  squares fits [ 241  of 
the linear  portions  from the low-photon-energy tail re- 
gion (between 2 and 3 eV)  and  the  intermediate region 
(between 3 and  4 eV)  and  are plotted  normalized to  zero 
field energy  barrier  height, (2.1 or 3.2 eV),  as a 
function of the  square root of the field near  the injecting 
contact in Fig. 8. Electron  energy  barrier  heights for a 
given electric field condition near  the injecting interface 
are determined  routinely in this manner  for metal-silicon 
dioxide - silicon (MOS)  structures  [see Section 4, 
“Photocurrents” and Eq. (8)  1. The insert in Fig. 8 is the 
zero-field energy band diagram of the  MNS  structure 
showing the  appropriate energy barriers  for hole injec- 
tion from the Si  valence band (2.1  eV) or Si  conduction 
band (3.2 eV) into the Si,N, valence band. This band 
diagram  was reported previously  together with values 
for metal (AI, Au, Mg) -Si,N, energy barrier heights 
for hole  injection [ I ] .  The solid curves in Fig. 8 are  the- 
oretical  calculations of Schottky  barrier lowering, in- 
cluding field penetration  into the Si [Eq. (9) ] ,  and  are 
discussed in Section 4, “Photocurrents.”  Correc- 
tions for optical  interference  effects in the  MNS  struc- 
ture had little effect on  the values of the energy  barrier 
heights. These  corrections  are discussed in detail in later 
sections. 

The  appropriate root of the  photoresponse used in de- 
termining  energy barrier heights for internal  photoemis- 
sion is related to  the energy  distribution of photocar- 
riers at  the injecting interface. The method is discussed 
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Figure 5 Cube  root  of  the  photoresponse as a function of pho- 
ton  energy  for Au- SiJ-n-degenerate Sa structures with ni- 
tride  thicknesses in the  range 220 to 3100 A. The magnitude  of 
the  average  field  was 2 MV/cm for all curves. (a) With Au 
negative bias. (b )  With Au positive  bias. 

in Section  4, “Photocurrents.”  This  carrier distribution 
is usually not known exactly. Typically, either  cube root 
or square root  plots are used. In  comparison  to Fig. 8, 
the energy barrier heights extracted from square root 
photoresponse-photon energy characteristics were 0.1 to 
0.2 eV higher than  those  extracted from cube  root pho- 
toresponse-photon energy characteristics having approx- 
imately the  same  standard deviation. 

As discussed in Section 4,  “Photocurrents,”  the field 
near  the injecting contact E ( 0 )  controls  the internal pho- 
toemission  mechanism under  certain assumptions. This 
field is defined by 

E(0)=-[(I/,--V,,--ICr,)/L-QOPs/~I, (3 1 
where E ( 0 )  is the field near  the  contact  (which is as- 
sumed  to be Si for a dominant hole  injection  mechanism 
under negative gate voltage bias), V,, is the flatband 233 
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Figure 6 Photocurrent  as aofunction of normalized light inten- 
sity for an  Al-Si,N4(425 A) -n-degenerate Si structure with 
photon energies  from 3 to 4.5 eV  at an  average field of 6 
MV/cm with AI negative bias.  The normalization  was the val- 
ue of the light intensity for a given photon energy  with no metal 
screen in place. 

voltage, Qis is the  surface  state  charge  at flat-band, and E 

is the  static dielectric constant of the silicon nitride 
layer. Equation ( 3 ) ,  which is discussed  elsewhere [ 81, is 
derived  from  the basic equations of MIS  capacitors 
[ 17, 181; namely, the voltage drop  across  the  capacitor, 
the definition of the flat-band voltage,  and  Poisson’s 
equation  at  the injecting interface. The  last two terms in 
Eq. ( 3 ) ,  Le., Si surface  state  charge  and  surface  poten- 
tial, are small corrections  to E ( 0 ) .  When there is no 
trapped  charge in the insulator  layer, E ( 0 )  is equal to 

The internal fields due  to  trapped  space charge, sur- 
face  state charge,  and contact potential  differences were 
determined  from measuring flat-band voltages using ca- 
pacitance-voltage techniques  on AI-Si,N, (425 A)-Si 
MNS structures with both  two  0-cm n- and p-Si sub- 
strates.  These  C-V  measurements  are  described in detail 
in another publication [ 81. Flat-band  voltages were mea- 
sured  under  both  dark and  various illumination conditions 

234 after stressing at  the applied  voltage  bias of interest 

E,, [Eq. ( 1 1 3 .  
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for various  periods of time. Typical  data of the flat- 
band voltage  divided  by the nitride thickness  as a func- 
tion of the  average field for  an AI-Si,N, (425 A1-S (2  
R-cm  p)  structure  are  shown in Fig. 9. Flat-band volt- 
ages in this figure were recorded 1000 s after  the appli- 
cation of a negative  voltage  bias for  dark  and 2950-A 
light conditions. The  assumption  that internal fields in 
the 425 A silicon nitride layer  due  to  trapped  space 
charge would be the  same  for 2 R-cm  and 0.001 R-cm Si 
MNS structures  was verified by comparing dark  current 
and photocurrents which are  sensitive  to  the internal 
fields [ 25, 261. The  assumption had  been made  because 
C-V  measurements  are difficult to  make with degenerate 
Si substrates. 

Photocurrent us Jield In  some  cases,  photocurrent- 
field data  can give  information about insulator  scattering 
mechanisms for  electrons  or holes  photoinjected  from 
the  contacts.  Figure 10 shows  photocurrents  for photon 
energies at 3, 3.5, 4, and 4.5 eV  as a function of the  av- 
erage field with  negative  gate  voltage  bias, in the silicon 
nitride layer of an  Al- Si,N, (425 A )  -n-degenerate Si 
MNS structure.  These  data,  obtained with 13-Hz 
chopped light, were reproducible on a given sample  and 
from  sample  to sample  and did not depend  on  the  order 
in which the  data  were  taken. Reducing the light inten- 
sity by means of screens  to varying degrees up to lo-’, 
changed the  data of Fig. 10 only  by a scale  factor.  This 
is expected  and is consistent with the  observation  pre- 
viously mentioned of the  photocurrents varying linearly 
with light intensity. Photocurrent  data  for  the  same  aver- 
age field range and photon  energies as in Fig. 10  were 
also  taken  on  Al- Si,N, (425 A )  -p-degenerate Si MNS 
structures.  These  data  are similar to  those of Fig. 10; 
however,  the  photon energy dependent  saturation and 
roll-off of photocurrents  at high fields were  not present. 
A  hole  internal  photoemission model similar to  the elec- 
tron internal  photoemission model of Berglund and 
Powell [21], which  includes  hole  scattering in the sili- 
con nitride layer, is used in Section 4, “Photocurrents,” 
to  arrive  at a model consistent with the  data of Fig. 10. 

Figure 11 shows  the logarithm of the  photocurrent 
(from  the  data of Fig. 10) as a  function of x,,, the position 
of the potential  maximum  (zero-field point) in the Si,N, 
as measured from  the Si-Si,N, interface  for hole  internal 
photoemission.  As discussed in Section 4, “Photocur- 
rents,’’ the zero-field point, x,,, is approximately  inverse- 
ly dependent  on  the  square  root of E ( O ) ,  the field near 
the Si injecting contact.  The linear  regions of Fig.  11 for 
an Al- Si,N, (425 A )  - n-degenerate  Si structure were 
fitted by the method of least squares  to  determine 1, the 
hole  scattering length in the Si,N,. The insert in Fig. 11 
shows  the fitted values of I as a function of photon ener- 
gy. Similarly for  Al- Si,N, (425 A )  -p-degenerate Si 
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Figure 7 Cube  root of the  photoresponse  as a  function of pho- 
ton  energy for  the  MNS  structure of Figure 6 at  average fields 
from 2 to 6 MV/cm with AI negative  bias. 

structures, fitting the linear region of the logarithm of the 
photocurrent  as a  function of x" led to values of 1 within 
at  least 25 percent of those  shown in Fig. 1 1 .  

Reflectance and  optical  interference 
A test was  made of the validity of the values for index of 
refraction  and absorption coefficient for AI [ 27- 291, Au 
[27, 28, 301, Si [3  1 - 331, and Si,N, [34] used in the 
analysis  section for  absorptance in the Si or metal lay- 
ers, reflectance  from the  MNS  structures,  and  average 
intensity in the Si,N, layer.  For this purpose  the ratios of 
reflected photon flux to incident flux  of the MNS struc- 
tures in Figs. 4 and 5 were  measured for  the  case of light 
striking the MNS at a lo"  angle of incidence  and  were 
compared  to  those  deduced from  theoretical  calcula- 
tions. Figure 12 shows selected  experimental  reflectance 
data  for a Au (240 A )  - Si,N, (2050 A )  - n-degenerate 
Si structure and compares  the  data  to  theory,  as  de- 
scribed in the figure caption. The good agreement be- 
tween experiment and theory shown in Fig. 12 was 
found for all the MNS structures of Figs. 4 and 5 .  

The  data of Figs. 4 and 5 were  for  zero angle of inci- 
dence.  For  other angles of incidence, the peaks in these 
data,  at  least  for  the  thicker Si,N, structures, clearly 
shifted, as would be  expected  for optical  interference in 
thin film structures. 

Figure 8 Normalized  energy  barrier height as a  functioq of the 
square root of the field near  the injecting contact, E(0)7, with 
AI negative bias for the MNS structure of Figure 6. The nor- 
malization was the  value of the  zero field, energy  barrier  height, 
q&,, namely, 2.1 eV and 3.2 eV  for hole  internal  photoemis- 
sion from the silicon valence (Figure  8a)  and silicon conduc- 
tion (Figure  8b) bands  respectively  into the silicon nitride va- 
lence  band. The solid curves  are a  theoretical  calculation using 
a simple Schottky barrier lowering model including field pene- 
tration into the silicon and are described in the text.  The insert 
is the zero-field energy band diagram  taken from Ref. 1 .  

Figure 9 Flat-band  voltage  divided by Si,N, thickness as a 
function of the average field for an A1;Si,N4(425 A )  -Si(2 R- 
cm p)  structure  under dark  and 2950 A light conditions  with AI 
negative  bias.  Flat-band  voltages  were  recorded 1000 s after 
application of the  voltage  bias. 
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Figure 10 Photocurrent  as a function of the  average field for 
the MNS  structures of Figure 6 at various  photon  energies from 
3 to 4.5 eV with AI negative  bias. 

Figure 11 Natural logarithm of the  photocurrent in Figure 10 
as a  function of the zero-field point  position with respect  to the 
injecting interface  (Si-Si:3N,). The  insert  shows values of the 
scattering  length, I ,  as a  function of the photon  energy  from 
least squares fits of the  linear  portion of the In( I , , )  -x,, character- 
istics  as  described in the text. 
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4. Analysis 

8 Dark currents 
The analysis of dark  currents in MNS capacitors is re- 
stricted for simplicity to  cases in which one  carrier domi- 
nates. In silicon nitride  injected carriers usually are 
strongly trapped, giving rise to  an insulator space charge 
that  reduces  the injection rate.  Steady  state is reached 
when the injection rate  becomes equal to  the  rate  at 
which carriers  are  transported through the insulator by 
the action of trapping and detrapping.  Although the  ex- 
perimental data  do  not  represent a true  steady  state con- 
dition, we will assume  the  data  are sufficiently close  to 
justify  assuming the  steady  state in our analysis. 

Under  steady  state conditions the  space  charge  distri- 
bution is constant in time and,  therefore,  the  current is 
uniform with distance x from the injecting contact into 
the insulator. It has  been  shown [35] that  space  charge 
due  to  carriers in the insulator bands  at high fields is 
negligible. Thus,  the  equations describing steady  state 
reduce  to 

a E ( x ) l a x =  4n t ( x ) /E ,  (4) 

where a single trap level is assumed which is & below 
the band  edge and  has density N , .  The insulator is as- 
sumed  neutral  with the  traps unfilled. Equation (4) is 
Poisson's  equation  relating the gradient of the local field 
E to  the trapped  charge  density 4n,. Equation (5)  
equates  the trapping rate  as given by the  product of the 
current density J ,  the effective capture  cross section &,, 
and the  number of unfilled traps  to  the detrapping  rate. 
We assume a Poole-Frenkel (field-assisted  thermal ion- 
ization) detrapping  mechanism, where uo, &, and 
are the  attempt-to-escape  frequency,  the normalized trap 
depth q+,/ k T ,  land  the normalized Poole-Frenkel  con- 
stant q [ q / m ' 1 7 / k T .  4, k ,  T ,  and E' are the  magnitude 
of electronic  charge, Boltzmann's constant,  absolute 
temperature, and the optical  dielectric constant,  respec- 
tively. 

The solution of Eqs. (4) and (5)  is discussed in detail 
elsewhere [35], and so we simply restate  the results 
here.  Unfortunately,  one  does not  obtain a simple al- 
gebraic  relation  between the  current and the  average 
field. Instead,  we  obtain first a relation between  the con- 
tact fields and the  current 
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Figure 12 Reflectance at a 10" angle of incidence as a func- 
tion of photon  energy for a Au(240 A ) -  Si,N,(2050 A)-n-  
degenerate Si structure.  The solid curve is drawn  for clarity in 
comparing  the  experimental  points  (solid triangles)  to theoreti- 
cal calculations (described in the text) for either  the  transverse 
electric, TE, wave  (open circles) or the  transverse magnetic, 
TM, wave (crosses). 
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and 

F [ E ]  = 2[bd - 1 3 .  

Second, through the  gate voltage, we have a  relation 
between .Eav, E ( L ) ,  E (01, and J 

E,,= ( ~ / 2 q N & )  [ E ( L I 2  - E(0) ' I  

Equations (6 )  and ( 7 )  can be used to  relate E,,, E ( O ) ,  
and J .  At this  point, one could assume  the injecting con- 
tact to  have a  particular J - E ( 0 )  dependence, e.g., Fowl- 
er-Nordheim,  Schottky emission, etc.  However, if the 
injecting contact is at  the silicon interface,  the J - E ( 0 )  
relation  can  be determined by an  experiment which 
measures  current and flat-band voltage  simultaneously 
[ 8 ] .  We have  chosen  the  latter  approach  and  therefore 
input the experimental J-E( 0) relation to calculate J-E,, 
characteristics. 

The model contains  numerous physical constants, 
only  a few of which can represent independent model 
parameters.  Consequently, we choose  reasonable values 
for v,,, e,, E ' ,  and E of l O I 4 /  s [ 361, 5 X cm' [ 3,  71, 
4 E,,, and 7.5 E,,, respectively, and  consider +, and N ,  as 
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Figure 13 Theoretical calculations of the  dark  current  as a 
function of the average field, E,,, with  nitride  thicknesses in the 
range 220 to 3100 A and metal gate bias negative. The experi- 
mental dark  current-contact field, E ( O ) ,  input data is also 
shown. The  adjustable  parameters of trap  depth, & and trap 
density, N , ,  were 1.63 eV and 1 x 10'' ~ m - ~ ,  respectively. 

adjustable model parameters. E,, is the permittivity of free 
space. Typical results  for  one choice of parameters  are 
shown in Fig. 13. 

The qualitative effect of increasing N ,  or +, is to in- 
crease  the  trapped  charge density and,  consequently,  for 
the  same  contact field the  average field is increased. In 
detail, the primary effect of increasing N ,  is to shift the 
curves of J vs E," en  masse  to higher values of E,,, 
while  increasing +t increases  the  distance  between 
curves of different  thickness. Conversely,  as +, or N ,  
decreases, all curves will collapse  toward  the J - E ( 0 )  
characteristic. 

The experimental data of Fig. 3(a) should represent 
the best case  for comparison with theory,  because  for 
negative Au bias the principal carriers should be holes 
injected  from the silicon. The calculations of Fig. 13 
actually represent a best fit to  the  data of Fig. 3 (a ) ,  and 
give  parametric  values of N ,  = 1 x IO" c K 3  and +, = 

1.63 eV.  The shallow slope of the experimental curves 237 
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Figure 14 Theoretical calculations of the  absorptance in the 
silicon and metal  layers and  the normalized average intensity in 
the silicon nitride bulk for light at !orma1 incidence as a func- 
tion of photon  energy  for e u  (240 A) - Si,N,( 2 050 A) - Si and 
AI (265 A) -Si,N, (2050 A) -Si  MNS  structures.  The normali- 
zation for  the  average intensity is the  incident light intensity. 

relative to  the calculated  steady state  characteristics 
results  from  the data-taking sequence,  that is, the low 
current values do not have sufficient time to build up  a 

‘ steady  state  space  charge distribution. If the  data  are 
taken from high to low current values, the  slope is steep- 
er than  calculated steady  state  because of excess  space 
charge at low currents. 

The  thickness  dependence of the J-EaV characteristic 
in the  425  to  2050 A range is predicted rather well by 
the model. The thinnest (220 A) and thickest ( 3  100 A) 
samples deviate substantially from  the predicted  behav- 
ior. However, this may be  due  to  the difficulty in obtain- 
ing consistent film properties  at  the  extremes in thick- 
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Photocurrents 
The  photocurrent  data of Fig. 10 are  too strongly field 
dependent  to be  explained just by Schottky  barrier 
lowering, including field penetration into the Si for a 
dominant hole  injection  mechanism. Hole  scattering in 
the potential well near  the Si-Si,N, interface  was there- 
fore included in a manner similar to  electron scattering 
for  the Si-SiO, interface [21].  It was  assumed that  the 
photocurrents of Fig. I 0  for  MNS  structures with 
Si,N, layers 425 A thick could be fit to  the following 
equations of internal  photoemission [ 251 : 

E,,= E ( 0 )  +- 4 n, (x ,  t )  dx, t- JOX0 
where B is a constant which can  depend  on  photon  ener- 
gy; t is time; p is an  exponent related to  the hole  energy 
distribution at  the Si-Si,N, interface ( p  = 2 for a step 
distribution or p = 3 for a ramp distribution [ 37, 381 are 
used here); x .  is the position of the potential  maximum 
of the energy barrier  (zero  total field point) ; E ,  is the 
field (not including that  due  to  the image force)  at xo;  
and I is the hole  scattering  length which measures how 
far a photoexcited  hole will move  into the Si,N, from  the 
Si-Si,N, interface  before it scatters back to this  interface 
through the image  charge  potential well near  that inter- 
face.  In Fig. 1 1 ,  we  have made the approximation for 
the  range of fields of interest  that E,  M E ( 0 ) ;  that  is,  the 
trapped  space charge between x .  and  the Si-Si,N, inter- 
face is much  smaller  than the total trapped  space charge 
in the Si,N, layer [ 6, 71. However, this  approximation 
may be breaking down  at low applied fields; that  is, x .  
may be far enough  into the bulk of the Si,N,  film that the 
charge  between it and  the Si-Si,N, interface  should be 
included. This  correction is difficult because  the charge 
distribution  must  be  known. 

The theoretical curves in Fig. 8 (normalized energy 
barrier height as a function of the  square  root of the field 
near  the Si-Si,N, interface)  were determined from Eq. 
(9)  with the  assumption  that E ,  M E ( 0 ) .  Values  for +s for 
various fields E ( 0 )  follow a classical treatment  for  an 
0.001 0-cm n-type Si semiconductor biased in depletion, 
where it is assumed  that  Fermi-Dirac  statistics hold and 
the bulk doping of  the. semiconductor is uniform with the 
donor level represented by a delta function  density of 
states with normal  activation  energy [39, 401. Calcula- 
tions for $s with the  donors completely  ionized or with 
numerically zero activation  energy  give  similar  values 
for I/J~ over  the range of electric fields of interest.  The 
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inclusion in Eq. (9)  of the potential drop in the Si, I/J~, is 
valid as long as most of the photoexcited  holes  reaching 
the Si-Si,N, interface and being involved in internal pho- 
toemission are not  generated near this  interface. This is 
a reasonable  assumption if one  considers  that hot-hole 
mean free  paths  for optical-phonon  scattering in Si are 
approximately 40 A [4 11 and light will penetrate into 
the Si to  at  least a depth of SO A for  the wavelengths of 
interest [ 3 1 - 331, but the depletion  widths in the 0.001 
0-cm n-Si layer are only 1 to 15 A for  the range of fields 
at  the Si-Si,N, interface studied here [ 39, 401. 
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Optical  interference 
Much of the  structure  (peaks  and  valleys) in the photo- 
response  data of Figs. 4 and  5 is due  to optical  interfer- 
ence in the thin film MNS structures. By using the pho- 
ton energy  position of these  peaks, insight into  the origin 
(electrode  or  bulk) of the  photocarriers may be  obtained 
1421. For normally incident light, theoretical  calcula- 
tions  were  made of the  absorptance in the Si  and metal 
layers  [43] and the  average intensity in the Si,N, layer 
using the  appropriate optical constants  for AI [27- 291, 
Au [27, 28, 301, Si,N, 1311, and  Si [31-331  for  the 
MNS structures shown in Figs.  4  and 5.  Figure 14 
shows  selected  results  for  such a  calculation on MNS 
structures with Si,N, layers 2050 A thick for both Au 
and A1 metal electrodes.  The  derivation  for  the  absorp- 
tance  (ratio of absorbed photon  energy to incident 
energy) in the Si and metal layers, including optical in- 
terference, follows the  treatment of Berning 1431 and 
will not be repeated here.  The derivation for  the  average 
intensity in the Si,N, layer is discussed in the  Appendix. 
Average intensity is defined here  as  the  average of the 
net  electric field squared (associated with the light 
waves)  at  any point in the Si,N, layer multiplied by the 
refractive  index of Si,N,; in Fig. 14, the  average in- 
tensity is normalized to  the incident light intensity.  Sev- 
eral observations can  be  made  from  Fig. 14 which are 
in general true  for calculations for any Si,N, thickness 
from 220 to 3100 A: 
1. For AI-Si,N,-Si MNS structures,  interference peaks 

and valleys in the  absorptance  (Si  or metal) and 
normalized average intensity (Si,N, bulk) are in 
phase with one  another. 

2. For Au-Si,N,-Si MNS structures,  interference peaks 
and  valleys in the  absorptance of the Au layer are out 
of phase with peaks and valleys in the  absorptance of 
the Si layer, and also in the normalized average in- 
tensity of the Si,N, bulk for photon  energies greater 
than  3 eV. 

3. Interference peaks and valleys in the  absorptance of 
the Si layer  and  normalized average intensity of the 
Si,N, bulk are in phase  for MNS structures with ei- 
ther Au or AI gate metallizations. 

This difference in optical  interference  effects between 
MNS structures with AI and Au electrodes is believed 
to be due  to  the difference in the photon  energy depen- 
dence of the index of refraction of these  two metals. 
Comparing the theoretical  optical interference  patterns 
like those of Fig. 14 (for a Si,N, layer 2 OS0 A thick) with 
the relevant photoresponse  data of Figs.  4  and 5 ,  the 
following general  conclusions seem valid: 

1. For AI-Si,N,-Si MNS  structures with Si,N, thick- 
nesses from 220 to 3 100 A, peaks in the experimental 
photoresponse  data  for  either voltage polarity ap- 
proximately align with peaks in the  absorptance of 
the Si or A1 or with peaks in the normalized average 
intensity of the Si,N, bulk. No conclusive statements 
can be made about  the origin of photocarriers  for this 
structure. 

2. For Au-Si,N,-Si MNS structures with Si,N, thick- 
nesses  greater  than  425 A, peaks in the experimental 
photoresponse  data  for  either voltage  polarity  ap- 
proximately align with  peaks in the  absorptance of 
the Si or with peaks in the normalized average inten- 
sity of the Si,N, bulk. For  these Au gate  MNS  struc- 
tures,  the origin of the dominant photocarriers,  at 
least  at photon  energies greater than 3.5 eV  and sili- 
con nitride thicknesses  greater than 425 A, is either 
the Si substrate  or  the Si,N, bulk or  both  for  either 
voltage polarity. 

The definition used for  the  photoresponse  (photocur- 
rent density  divided by the photon flux transmitted 
through the  top metal electrode) in Section 3,  “Photo- 
currents,” could have been defined in terms of the inci- 
dent light intensity,  absorbed light intensity in the Si or 
metal layer [42],  or  the  average light intensity in the 
bulk of the Si,N,  film. The  latter  two definitions are 
probably more  accurate if the  source  (Si, metal, or 
Si,N,) of the  photocarriers is known. The  cube  root of 
the  photoresponse was  plotted as a  function of photon 
energy for  the various definitions given here using the 
same experimental data  for  the  photocurrents  as in Figs. 
4  and 5. Calculated  values for  the  absorptance in the Si 
or metal layers  or  the normalized average intensity in 
the Si,N, bulk such  as  those  shown in Fig.  14 were used 
in calculating the  photoresponse.  The following general a 

observations  were  made from these calculations: 

1. Normalizing the  photocurrent  to  the incident light 
intensity yielded results very similar to  those in Figs. 
4 and 5. 

2. Normalizing the  photocurrent  to  the  absorbed inten- 
sity in the Si layer  or  the  average intensity in the 
Si,N, bulk never completely  smoothed out  the  struc- 
ture  because of the optical interference effects  pres- 
ent in Figs.  4 and  5, although  the  radical  fluctuations 
were  suppressed. 239 
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3.  Normalizing the  photocurrent  to  the  absorbed inten- 
sity in the metal layer usually enhanced  the  structure 
in the  cube  root  photoresponse-photon energy 
curves, especially for  the Au-Si,N,-Si MNS  struc- 
tures. 

Corrections of the  photoresponse  to include scatter- 
ing of photoexcited carriers in the Si or metal layers by 
optical phonons  or by other  carriers  were  made in some 
cases. Scattering corrections should  be  most  important 
in the Si layer  for  photon energies between  two and 
three  eV,  where  the light is penetrating  deeply  into the 
Si layer.  For this case,  where  the scattering length for 
photoexcited  holes is small (less  than 100 A [41]) 
compared  to  the reciprocal of the optical absorption 
coefficient of Si (0.1 to 1 micrometer), previously re- 
ported photoresponse  data [ I ]  on  an  Al- Si,N, (220 A )  
-n-degenerate Si MNS  structure  were  corrected  to in- 
clude scattering. This  correction is performed by nor- 
malizing the  photoresponse  to  the Si  optical absorption 
coefficient [44]. From a least  squares fit of the  cube  root 
of the  corrected  photoresponse  as a  function of the pho- 
ton energy, the energy barrier height obtained for hole 
internal  photoemission  from the Si valence band to  the 
Si,N, valence  band was, within k O . 1  eV,  the  same  as 
reported previously [ 1 1. 

The theoretical  calculations of the reflectance from 
MNS structures  for a 10" angle of incidence like that 
shown in Fig. 12 follow the  treatment given in Born and 
Wolf [45] and will not be repeated here.  The theoretical 
reflectances for  the photon  energy range in Fig. 12 for 
the  transverse  electric  wave (TE) and transverse mag- 
netic  wave (TM)  are approximately  identical at a 10" 
angle of incidence. 

In  the theoretical  calculations for  the  absorptance  (Si 
and metal layers),  the  average intensity (Si,N, bulk), 
and  the reflectance, the finite bandpass of the  monochro- 
mator was not  taken into  account.  This approximation 
for  the Si,N, thickness range (200 to 3100 A )  is valid 
because  the energy  width associated with  a 5-mpm 
bandpass is 0.0 1 eV and 0.1 eV  at wavelengths of 8 000 
A (1.55 eV) and 2400 A (5 .2 eV) ,  respectively, which 
covers  the wavelength range studied here.  These energy 
widths are small in comparison with  widths of the  appro- 
priate interference peaks in the  absorptance, normalized 
average intensity,  and  reflectance even  on  the  thicker 
Si,N, MNS structures.  See Figs. 12 and 14. 

5. Discussion 

Dark currents 
We have  reported previously [2] that, in general,  the 
dark-current  average field characteristics  as a  function of 
electrode material and nitride thickness suggest that 

240 both  carriers play a  role in each voltage  polarity. How- 

ever,  for  data  at negative A1 and Au bias, the effect of 
the  secondary  carriers  (in this case,  electrons) is mini- 
mal except  at  the highest fields, where AI currents  ap- 
pear  to be enhanced by electrons injected from  the AI 
electrode  and  trapped in the insulator, thereby  reducing 
the positive space  charge and  increasing the  dominant 
hole current. We  ignore  this slight secondary  carrier 
effect and provide  an analytical  description of the nega- 
tive bias dependence  on nitride thickness in terms of a 
hole-carrier, single-trap-level model for  the  insulator. 

The difference between positive AI and positive Au 
bias data indicates that holes are injected from  the metal 
electrode. On the  other hand, our flat-band measure- 
ments  and  the "carrier-type" measurements of others 
[5] indicate electrons may be the dominant carrier in 
this  bias, at  least with A1 electrodes.  The analytical  de- 
scription of a  two-carrier  problem is beyond the  scope of 
the  present  study; however, it is  easy  to visualize that 
greater hole  injection by the Au electrode  due  to  the 
lower  barrier height [ 11 would increase a  dominant  elec- 
tron  current through  a  reduction of the negative space 
charge by recombination or hole  trapping. That  the neg- 
ative  space  charge is, in fact, reduced with the Au elec- 
trode  has been verified by flat-band measurements and 
the magnitude of the reduction accounts  for  the different 
current levels observed in Figs. 2(b) and 3 (b) [ 81. 

We have  observed  that  contact effects are most appar- 
ent in thin nitride structures.  An explanation for this 
observation is apparent in the calculated curves of Fig. 
13, where  the  contact  current field characteristic has 
been  included for comparison. Even  for  the large trap 
density of this  example, it is nevertheless  evident  that 
the  average field characteristic of the thinnest  nitride 
most  nearly  reflects the  contact current-field  behavior. 

The question arises  as  to  whether  the  average field 
characteristics of thick  nitrides reflect a bulk nitride 
conduction property.  There is no unique  bulk current- 
field relation because, in the  context of our model, the 
local bulk current  depends  on both the local field and  the 
local trapped  charge  density.  Note  that  these quantities 
vary across the film  in such a way that  current is spatial- 
ly constant  under  steady-state conditions. We find by 
calculation, however,  that  the  trapped  charge density 
near  the  counter  electrode changes by less than a factor 
of two while the  current ranges from lo-" to  A. 
Also,  for  thicker nitride films the  average field approach- 
es  the field near  the  counterelectrode.  Thus, we con- 
clude  that  the  average field characteristic of thicker films 
approaches  the field dependence of the bulk nitride cur- 
rent.  In  summary,  we find that  at  no thickness is the 
conduction process purely  contact-limited or bulk-limit- 
ed;  however, thin nitride layers  approach a contact-lim- 
ited characteristic  and thick layers  approach a bulk-lim- 
ited characteristic. 

D. J .  DIMARIA AND P. C. ARNETT IBM J. RES. DEVELOP. 



Photocurrents 
Previously reported  results  on very  thin (220  to  230 A )  
Si,N, MNS structures implied that internal  photoemis- 
sion  dominated by hole  injection  was  occurring for ei- 
ther voltage  polarity [ 11. Experimental evidence pre- 
sented  here suggests that  as  the Si,N, layer is made 
thicker and as  trapped  space charge  effects become 
more  important  there is a  transition  from  a  mostly  con- 
tact  (internal photoemission) to mostly bulk (photocon- 
ductivity) controlled  conduction  mechanism. This ex- 
perimental  evidence,  shown in Figs. 4, 5 ,  and 14;  Sections 
3, “Photocurrents,”  and 4, “Optical interference;” and 
Ref. [ I ]  is the following: 

1. The polarity dependence of the  photocurrents  de- 
creases with  increasing Si,N, thickness. 

2. The  dependence  on injecting contact material (Si, AI, 
Au,  or  Mg) of the low energy intercept of the  cube 
root of the  photoresponse  decreases with increasing 
Si,N, thickness. 

3. Interference  structure in the  photoresponse  data 
aligns regardless of voltage  polarity or gate metal, at 
least  for photon  energies greater than  3.5 eV and  for 
Si,N, layers  thicker than 425 A. The energy  position 
of this structure in the experimental data is in phase 
(at  least  for Au-Si,N,-Si MNS  structures) with 
theoretical  calculations for  the  average intensity in 
the Si,N, bulk or the  absorptance in the Si. 

For negative gate polarity,  experimental photocurrent 
data  on Si,N, MNS structures  425 A thick were mod- 
eled and  interpreted  as dominant  hole  internal  photoemis- 
sion from the  Si  valence  band, at 2.1 eV and conduc- 
tion band, at 3.2 eV, into the Si,N, valence  band. These 
two  thresholds  for hole  internal  photoemission are ap- 
parent  to  some  degree in all the  data  presented in Figs. 
4(a) and 5 (a) regardless of Si,N, thickness and  optical 
interference effects, and they are  independent of gate 
metallization. The linear  intensity dependence of the 
photocurrents described in Section 3, “Photocurrents,” 
and Fig. 6, is also  consistent with internal  photoemission 
[21, 221. The experimental field dependence of the 3.2 
eV energy barrier  tends  to  agree with simple barrier- 
lowering theory, which  includes the  Schottky effect and 
field penetration.  However, experimental data  for  the 
2.1 eV energy barrier  are smaller  quantities than predict- 
ed theoretical  values at high fields; this effect may be 
due  to tunneling of photoexcited carriers. 

For  continuous light irradiation the  cube  root of the 

effect may be due  to photo-detrapping in the bulk of the 
Si,N, layer. Another possible  explanation is photo- 
enhancement of dark  currents by  removal or rearrange- 
ment with light of trapped charge near  the injecting 
contact  or by the creation of additional  photoexcited  car- 
riers at  the Si-Si,N, interface that  can tunnel into  the 
Si,N,. 

The  photocurrent  dependence  on negative  gate volt- 
age for  425 A Si,N, MNS structures is too  strong  to be 
explained  only by energy barrier lowering for holes at 
the Si-Si,N, interface.  Therefore  we  have included  hole 
scattering in the Si,N, layer  as a possible  explanation for 
the  observed voltage dependence.  The  saturation and 
roll-over of the  photocurrent-average field data  seen  on 
AI - Si,N, (425 A j - n-degenerate  Si MNS  structures 
(Fig. 1) and  not on similar structures with p-degener- 
ate Si substrates  are probably due  to  an effect that  re- 
duces  the  number of photoexcited  holes that reach the 
Si-Si,N, interface  and participate in internal  photoemis- 
sion. One possible  explanation is scattering of these pho- 
toexcited  holes in the Si depletion region, which would 
be  dependent  on  the  average field and photon energy  but 
independent of light intensity as  seen experimentally. 

The trapping model of Mott and Gurney  [46], which 
Goodman  has used  unsuccessfully to explain photocur- 
rents in metal-silicon dioxide-silicon (MOS)  structures 
[47, 211, also fails here in explaining the  observed pho- 
tocurrent-average field data of Fig. 10. If the trapping 
model is applicable,  then the strongly  voltage dependent 
regions of Fig. 10 are controlled by the Schubweg, i.e., 
the  average  distance travelled by a  photoinjected carrier 
before being trapped and immobilized in the Si,N, layer. 
A photocurrent arising from  such a model would be 
mostly  displacement cmrent,  and it would decrease in 
time as  trapped holes in the Si,N, bulk establish a posi- 
tive space  charge  layer  that  reduces  the field at  the in- 
jecting contact (Si-Si,N, interface)  to  zero.  For  photo- 
currents  over  the range of interest, IO”’ to lo-’ A,  to be 
caused by a  displacement current  due  to hole  trapping 
would require  changes in the flatband  voltages of at  least 
-6.4 volts over lo3 s .  However, experimental changes 
in the flatband voltages,  controlled  mostly by the  dark 
current level for  average fields 2 3 MV/cm, were  less 
than -2 volts over 10, s .  

For many fields of interest where x,, < 10 A (Fig. 1 I ) , 
the validity of the macroscopic  continuum model used 
here  as  opposed  to a discrete  charge model may be ques- 
tionable. Also,  the small,  energy-dependent  values of 1 
(less than one A j as obtained  from data fitting, and  the 
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photoresponse as  a  function of photon  energy for a possibility of composition  variation of the Si3N, near  the 
2 MV/cm average field (negative gate bias) on Si,N, Si-Si,N, interface, may imply that  use of the Berglund- 
MNS  structures  425 and 1000 A thick had low energy, Powell scattering model used in this investigation is not 
less than 2 eV, tails that were  approximately  indepen- completely adequate.  These  questions, although rele- 
dent of photon  energy [see Figs. 4 (a )  and 5 (a ) ] .  This vant,  are beyond the  scope of this study. 241 I 
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Similarities performed the metallizations; of E. A.  Spiller, who pro- 
Dark  currents  and  photocurrents similarly reflect con- vided the  computer programs used in calculating the ab- 
tact  and Si,N, thickness  dependences,  and  both  show a sorptance in the silicon and  metal layers and the reflec- 
transition from a  more  nearly  contact-controlled to a tance of the  entire M N S  structure;  and of F. Stern, who 
more nearly  bulk-controlled conduction mechanism  with  provided the  computer program  used  in  calculating the 
increasing Si,N, thickness.  More specifically, the simi- surface potential of the silicon, is also gratefully  acknowl- 
larities  which are  apparent  from  Figs. 2-5 and  Refs. 1 edged. 
and 2 are  the following: 

1. Both currents reflect the  contacts  and  the  importance 

2 .  Both currents  decrease in a similar manner  as  the 

Appendix: Average light intensity 
Bulk insulator  photoconductivity may arise  from pho- 
toexcitation of trapped  electrons  or holes into  their 
respective bands or,  for sufficiently high photon  ener- 
gies, by electron-hole creation  across  the insulator  opti- 
cal  bandgap.  Both of these  processes  are proportional to 
the  square of the  electric field resulting  from the interfer- 
ence of incident and reflected light waves. This interfer- I of hole  injection in thin Si,N, MNS structures. 

Si,N, layer  thickness is increased. 
3. With both  currents, voltage  polarity  differences de- 

crease, especially for A1 gate M N S  structures,  as  the 
Si,N, thickness is increased. 

6. Conclusions 
The  importance of hole  injection, conduction,  and  trap- 
ping has been demonstrated in MNS structures. A tran- 
sition  from contact-  to bulk-controlled conduction  has 
been  shown with  increasing thickness of a silicon nitride 
layer.  For negative gate voltage  bias, dominant hole 
conduction  mechanisms and  trapped  space  charge ef- 
fects  have been modeled for  both  dark  current and pho- 
tocurrent  data.  For positive gate voltage bias,  where 
both  electrons  and holes may be  important in the con- 
duction process, qualitative explanations of the  experi- 
mental data  have been given. 

As  has  been  demonstrated  here  and in other  recent 
publications  by the  authors [ 1 ,  2 ,  81, silicon nitride is a 
very  complicated  insulator from  the viewpoint of con- 
duction  and trapping as  compared  to  the  thermal silicon 
dioxide  commonly  used as  the insulating layer in silicon 
technology. By contrast, silicon  dioxide has very low 
electronic conduction  and minimal trapping. The charge 
transport mechanism in silicon  nitride is essentially a 
two-carrier  problem that is further complicated  by the 
trapping of both holes and  electrons in the bulk of the 
film. These  trapped  charges in turn  cause  strong internal 
electric fields to  develop which affect both  the bulk sili- 
con nitride  conduction and  charge  carrier injection into 
the insulator from  the  contacts. Clearly, any  further 
experimental  or  theoretical investigations  should be per- 
formed  with these points in mind. 
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ence  can  cause  dramatic spatial  fluctuations in the elec- 
tric field magnitude associated with the incident light 
across  the insulator. At  the  antinodes  (maxima) of the 
electric field, for  photon energies  less  than the band  gap, 
the conductivity may be enhanced by  photo-detrapping, 
causing a reduction in trapped  space  charge in that re- 
gion. Trapped  space  charge will accumulate  at  the  nodes 
(minima) of the  electric field, giving rise to locally en- 
hanced  dark conductivity by thermal  detrapping  pro- 
cesses. 

A  theoretical  analysis  taking account of these spatial 
variations in light intensity (proportional  to  the  electric 
field squared) and trapped  charges is too complex to be 
treated  here.  Instead,  we calculate the  average light in- 
tensity in the  insulator  and look for  correlations of fluc- 
tuations in the  average amplitude as a  function of photon 
energy  with  measured photocurrents. To facilitate  com- 
parison to  the  absorptance in the metal and silicon, we 
multiply the  average field squared by the  appropriate 
constants to give the units of energy flux and  normalize 
to  the incident photon flux. 

The  capacitor  structure of Fig. 1 causes multilayer 
interference of light incident  normally on  the metal. For 
notational convenience  the layers are numbered sequen- 
tially, beginning with zero  for air. The electromagnetic 
fields propagating  in the z direction are  represented by 

E = E+ eiknzn . + e- iknzn,  
nx nx 

c k  H = 2 . [E:, eikn% - E- e - i k n ~ n ] ,  
nx (A1 1 p6J 

where  the numerical subscript identifies the  layer and 
in = 2 7 r ( n n  + i k , )  / X  is  the complex wave  number of the 
nth layer with nn and kn the refractive  index and extinc- 
tion coefficient, respectively. E:$ and E,  are  the ampli- 
tudes of the forward and  reverse propagating waves. We 
assume only  a forward propagating wave in the silicon 
(layer 3) and match  boundary conditions at  the inter- 
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(in-l -in) . 
+in) where ?, = 1s the  Fresnel reflection coefficient. 

The  absolute magnitude of the field squared is then 

r =  
ni + ki - ni - ki 

(n, + n3)’ + (k ,  + k,)’ ’ 

and 

are  the  absolute magnitude squared,  the real, and  the 
imaginary part,  respectively, of r3. The  thickness of the 
insulator  is d,, and z, is  the  distance  into  the  insulator 
from  the metal  interface. 

The  average  intensity  is obtained by a  straightforward 
integration of Eq. ( A 2 )  over  the  insulator  thickness 

~ 2 = I E ~ x 1 2 e ~ 8 2 { ( e ’ 2 -  l ) / &  

- (e-’, - 1 )  I ~ , I ’ / P ,  
+ 2 r: sin (a,) / a 2  

- 2  6 (1  -cos a,)/(Y*}, (A41 

where p, = 4nk,d,/ A and a, = 4nnndn/ A. The amplitude 
Elx is related to  the  amplitude of the incident wave Eix by 

where t ,  = 2 ( + in) is the  Fresnel transmission 
coefficient, so that 

+ e-(’1+’2’{rT3 cos (cy1 + a,) 

- r:, sin (a1 + a,)}  

and 

DENOM’ = .e-’1{(, cos a1 + r:, sin a1 } 

+ e-’2{(, cos cy, + r:3 sin a,> 
+ I r13 cos (a1 + a,) 

+ r;3 sin (al + a2) 1, 
where rEm and  are  the real and imaginary parts of the 
complex product ? j r n  of Fresnel reflection coefficients 
and  are given in terms of the definitions in Eq. ( A 3 )  : 

r2m = rErt - dim 3 and 

dm = rnrm + i n r t  . 
Thus, Eqs. ( A 4 )  and (AS) relate (1’ to I For 
comparison  to  the  absorptance in the metal  and silicon 
layers, we also normalize the  average intensity to incident 
flux and  plot the quantity n, ~ z / n 0 1 E ~ 1 1 2 .  Even  the 
average intensity shows  dramatic fluctuations as a  func- 
tion of photon energy,  as is shown in Fig. 14. 
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