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Effect of  Temperature  and 
Bias  on  Glass-Silicon Interfaces* 

Abstract:  New  technologies for deposition  of thin glass  films  on  silicon  substrates  have  generated  interest in 

the  resulting glass-silicon interface  potentials and the interface stability under  conditions of  bias and tem- 

perature that might  be experienced in device  operation. 

Experiments  are  described  which  show  accumulation of space-charge  layers at glass-silicon  interfaces  un- 

der  combined  conditions of electric field applied normal to  the  surface, and elevated  temperature. The glasses 

studied  are lead-alumino-borosilicates and zinc-alumino-borosilicates and were applied in films  several mi- 
crons thick by sedimentation techniques.  Measurements  were  made  on  metal-glass-silicon  capacitor  struc- 

tures. The silicon at the interface  may be shifted  strongly  n-type  or  strongly  p-type,  depending on applied 

field direction, during a heating cycle of a few minutes.  Surface  charge  densities  up  to 1013 electronic 

charges/cm2  have  been  observed. The temperatures required for such shifts vary over  the range 100’ to 

3OO0C, depending  on  glass  composition.  Conductivity  through  the  films during the  combined  bias-tempera- 

ture  treatment is compared with interface charge  build-up. The data suggest a mechanism in which the 

bias-temperature  combination causes  movement of ions  (possibly  sodium) with a resultant build-up of space 
charge in the  glass  near  the  interface. The long-term stability of  this  “locked-in”  charge  indicates that inter- 

face potential with the  more  stable  glasses  may be permanently tailored to a desired value by bias-tem- 
perature  treatmenl 

Introduction 

Techniques for depositing thin glass films onto silicon 
substrates by sedimentation  techniques  have  recently been 
developed.”’  Since  such  films  could  be  used for surface 
passivation of semiconductor devices or as dielectrics in 
insulated-gate field-effect  devices, the surface potential at 
the glass-silicon interface and the stability of this potential 
under  device operating conditions are of considerable 
interest. 

The purpose of this paper  is to describe  experiments 
on potential shifts at such  interfaces that occur  under the 
combined conditions of elevated temperature and of electric 
field applied normal to the surface. t The glasses studied 
are lead-alumino-borosilicates and zinc-alumino-borosili- 
cates. The metal-insulator-silicon (MIS) capacitor has  a 
small-signal  capacitance  versus  bias  voltage (C-V) char- 

ence, Boulder, Colo., July 1, 1964. 
Presented in part at IEEE Solid State Device Research Confer- 

t This stress combination is hereafter referred to as bias-temperature 
treatment. 

acteristic which indicates the interface  charge  per unit 
area in the silicon at zero  bias. The interface potential 
may then be  determined  since it is  a  known function of 
the space  charge in the silicon. The MIS device  has  been 
used for this study because of its  relatively  simple fabri- 
cation and ease of testing.  Differences  in C-V measure- 
ments  before and after the combined  bias-temperature 
treatments indicate the interface  instability at a particular 
temperature. 

Both  positive and negative  space-charge  layers in the 
silicon  have  been  induced at the glass-silicon  interfaces 
for all glasses tested. The composition of the glass and 
the temperature of bias-temperature treatment appear to 
be the most important variables  in  determining  stability. 
The dc conduction through the glass films during bias- 
temperature treatment has been measured  also and corre- 
lates, to some  extent,  with  build-up of interface  charge, as 
indicated by C-V data. 385 
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The theory of the metal-insulator-silicon capacitor and the potential of the metal  electrode  with  respect to the 
interpretation of C-V traces will first be reviewed. The bulk of the silicon.  Considering  first  the  diagram for 
experimental  techniques will be  described, and the  data accumulation, the electron  charge  induced  lies very close 
will  be presented and discussed.  Finally, the applications to the interface, and the device  capacitance  reaches  a 
of effects reported in this paper will be  discussed. maximum  level  determined  by the thickness and permit- 

Theory of MIS capacitor 
tivity of the insulator. As bias is  decreased, the surface  is 
depleted. The high-frequency  induced  charge  fluctuation 

The MIS capacitor has  been  analyzed in detail in the 
l i t e ra t~re~-~  and will  be  reviewed here only  briefly. The 
simplest  equivalent  circuit for such  a  device is a fixed 
capacitance  per unit surface area Ca, corresponding to 
the glass  dielectric  layer, in series  with  a  variable  capaci- 
tance Cs due to  the space-charge  layer of the semicon- 
ductor surface. The behavior of such  a  device in terms of 
the semiconductor band structure may be qualitatively 
understood by referring to Figure 1. The illustration is 
for n-type  silicon  with  a  uniform donor impurity concen- 
tration. When the bias on  the metal  electrode is varied, 
the majority carrier concentration near the insulator- 
silicon  interface can be  accumulated above the concen- 
tration in the bulk of the silicon,  depleted  below the bulk 
concentration, or inverted  (giving  a p-type surface in this 
example). A band diagram is given for each of these  con- 
ditions. Bias polarity throughout this paper  is  defined as 

occurs at the edge of the depletion  region, and the in- 
creased  distance between the electrode and the induced 
ac charge  results in a  capacitance  decrease. As the bias 
is made more  negative, the silicon  surface  inverts. The 
hole charge  induced by the bias now occurs in a very thin 
layer  near the interface, but this layer has a  charging  time 
constant sufficiently  long that charge fluctuations at fre- 
quencies of 1 kc or higher  generally  occur at the inner  de- 
pletion  layer edge.  Since  charge  induced  by the dc bias 
goes into  the hole layer, the position of the depletion 
layer  edge  is now nearly  independent of bias, and the 
capacitance saturates at a  low  value as shown.  Similar 
reasoning for p-type  silicon leads to a  complementary 
characteristic as shown in the lower  curve of Fig. 1. 

When the conduction and valence bands are flat out to 
the glass-silicon  interface, there is zero  space charge within 
the silicon. The capacitance  per unit area of the silicon 
surface at this “flat-band” point  is given  by3 

Figure I Silicon energy-band diagram for three 
regions of the C-V characteristic of a 
metal-insulator-silicon  capacitor. The band 
diagrams and upper C-V characteristic are 
for  n-type silicon, and the lower C-V char- 
acteristic  is for  p-type silicon. EF is the 
Fermi  level and d indicates the depletion 
layer edge. 
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CsrB = q(c,njkT)1/2 3 

where q is the electronic  charge, e. is the permittivity of 
silicon, and n is the bulk carrier concentration. This 
capacitance  in  series  with the glass  capacitance CQ gives 
a fractional device capacitance  decrease  of 

AC 
“ 

CQ q(€sn /kT)1 /2  + CQ 
- C,” 

in going from the maximum  capacitance  of the accumu- 
lation region to the flat-band  point. This point is indicated 
by FB in Fig. 1, and the bias required  is denoted VFB. 

By  Gauss’s law, the space charge per unit surface area 
in the silicon Q, is  always  equaled by a  net  external charge 
of opposite sign. External charge here  includes  charge on 
the metal  electrode, insulator space  charge, and charge  in 
interface states (which may  be filled or empty,  depending 
on their energy  relative to the Fermi level at  the interface). 
With insulator space charge present but interface states 
absent, the application of V F B  affects  only Q ,, reducing 
it to zero. The flat-band electrode  charge  is then equal 
to the zero-bias Q, (in  magnitude and sign). In  the pre- 
sence of interface states some of the charge  induced by 
VFB goes into interface states, and the zero-bias Qs is 
somewhat  less than the flat-band electrode  charge. A 
treatment creating  insulator  space-charge near the insu- 
lator-silicon  interface will shift the C-V characteristic 
along the voltage  axis,  while the creation of interface 
states will cause  a  broadening of the C-V transition along 
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Figure 2 a )  Band diagram for silicon surface defin- 
ing interface potential us. 

b )  Illustration of behavior of the function 
F versus us for a positive bulk potential 
U B .  

the voltage  axis. A mathematical treatment describing 
effects of space-charge  build-up at insulator-silicon inter- 
faces  is  given  in an accompanying  paper.6 

Interface  states'  cause an equivalent  series R-C branch 
shunting the silicon  surface  capacitance C s .  The effect 
of this capacitance on the measured  capacitance  is  negli- 
gible if an angular frequency  above the reciprocal of the 
time constant of the states is  used. A frequency  of 10 
kc/sec was found to be sufficiently  high for our samples. 

The interface potential is  defined as us in Fig.  2a,  where 
kTus is the distance, on  the energy band diagram,  from 
the intrinsic Fermi level Ei at the interface to  the Fermi 
level. The illustration is for a depletion  space-charge  layer 
on n-type  silicon. The silicon  space-charge  per unit area is 
given by8: 

Q, = (2n,E.kT)1'2F(U~, Us), 

where ni is the intrinsic carrier concentration. The func- 
tion F(us, us) has  been tabulated for various ug and us, 
 value^,^*^ and its behavior vs us for a positive us is illus- 
trated in Fig. 2b. The interface potential corresponding 
to a measured  silicon  charge  may thus be  determined. The 
flat-band  condition is defhed by u s  = uB and we note, 
as mentioned  previously, that this corresponds to Q s  = 0. 

Experimental techniques 

Both n- and p-type  silicon  wafers  with  resistivities  in the 
range of 5 Q-cm  were  used as substrates. This resistivity 
is required for flat-band  capacitance  decreases of  several 
percent  with  glass film capacitances on the order of 
3 X lo-' F/cm2. The wafers  were  chemically  etched and 
thin films  of  powdered  glass  were deposited by a sedi- 
mentation technique.' The glasses  were  fused into homoge- 
neous films  by  firing for a few minutes at temperatures 
in  the range 570" to 770°C. Film  thicknesses  were  meas- 
ured by a light  interference technique." Aluminum elec- 
trodes with areas approximately 3 X cm' were then 
evaporated onto the glass  films to complete the MIS 
structures.  Aluminum was also evaporated onto the backs 
of the wafers for ohmic contact to the silicon. The wafers 
were not heated  during evaporation. The wafers  were then 
scribed into strips, each containing eight MIS devices, 
so that bias-temperature runs could  be  made  subsequently 
at several  different  temperatures. 

Figure 3 shows a sample strip and a simplified  diagram 
of the C-V measurement  equipment. A 10 kc/sec  signal 
(< 1 V amplitude) is superimposed on a dc bias and ap- 
plied to one of the devices on the strip. The termination 
resistor R is a much  lower  impedance than the capacitor, 
and the voltage appearing across it is thus proportional 
to the MIS capacitance.  This  signal  is  converted to dc 
and applied to the vertical  channel of an X-Y recorder. 
The bias  voltage  is  electronically  swept around any  de- 
sired  average  value  such that a C-V curve is traced in 

Figure 3 Sample  strip of MIS devices and diagram 
of C-V measurement  equipment. 
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about 100  sec. The magnitude of the maximum  capaci- 
tance and electrode area are measured so that C a  and 
AC/Co may be  calculated. The flat-band electrode  charge 
density NFB is  given  by 

NFB = CQ vFB/q, 

where flat-band bias V F B  is taken from the C-V curves. 
The samples used for the  data presented  in  this  paper are 
described further in Table 1. The NFB values  given are 
from measurements  before  any  bias-temperature treat- 
ment. 

The bias-temperature jig is constructed  such that arbi- 
trary biases  may  be  applied to four devices on a contact 
strip after it is  raised to temperature. The bias-temper- 
ature treatments were done in a nitrogen  ambient to pre- 
vent  jig oxidation, but  the  data were not dependent on 
the ambient gas. Runs were  terminated by cooling in a 
few minutes to room temperature with bias applied. C-V 
traces were again  made and compared  with initial curves. 
Figure 4 is a reproduction of the C-V curves for glass  #182 
before and after bias-temperature at 200°C. Note that 
the curves are shifted  with little distortion along the volt- 
age  axis. The shift of the  flat-band  voltage AVF, was 
-30 V for devices biased at + 10 V and was +25 V for 
devices  biased at - 10 V. 

The measurements of currents during bias-temperature 
were  made in a low-leakage,  shielded  cell  which,  with an 
electrometer,  permitted  measurement of dc current as 
low as amp through a single MIS unit. The output 
of the electrometer was  fed to a recorder to give a record 
of current versus  time. 

I 
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Figure 4 Typical C-V traces before and after bias- 
temperature treatment. For  convenience, 
the zero suppression on the  vertical scale is 
varied between units. 

Table 1 Sample  parameters. 

Silicon Glass 
Glass resistivity thickness C Q   A c / c a   N F  B 

Glass NO. composition (ohm-cm)  (microns) (lo-' F/cm2) (1O"/cm2) 

760" Lead-alumino- 

1527b Lead-alumino- 

182 Lead-alumino- 

borosilicate 4.7-n 2.4  2.2 2.3 

borosilicate 6 .2-n 1.6 5 . 5  6.8 

borosilicate 5.6-n 2.3  2.8 3.2 

borosilicate 5.5-p 2.1 3 .1 2.2 

borosilicate 7.3-p 3.8 1 .8 1 .4 

-1.4 

-2.7 

1-0.2 

P16 Zinc-alumino- 

P18 Zinc-alumino- 

-0.6 

-1.1 

8 Available  as X76OLZ from  Corning  Glass Works. 
388 b Available  as  E1527  from B. F. Drakenfeld and Company, Inc. 

D. R. KERR 



2 u -200  I I I 

r n k  

0 100 2 0 0  300 400 

Figure 5 Shifts in flat-band bias AV,, versus tem- 
perature used in one-hour bias-tempera- 
ture treatment of metal-glass-silicon  de- 
vices. Plus and  minus signs after glass num- 
bers  indicate  polarity o f  10 V bias applied 
to metal during bias-temperature. 

Results 

C- V Shifts 

The AVFB shifts  resulting from runs at various  temper- 
atures for the five  wafers  listed  in Table 1 are shown in 
Fig. 5. All data  are for runs of  60 min  with  bias  of + 10 V 
and - 10 V. The general  procedure was to bias two units 
on a sample strip positively and two  negatively for each 
run at a given temperature. As shown in Fig. 5 ,  the C-V 
shifts of units  with  identical  bias  usually  differed by  less 

' than 10 V. Note that all the glasses tested will  give large 
~ AVFB shifts in either  direction, but that the temperatures 

required  vary  greatly  with  glass  composition. The data 
indicate that  the zinc-alumino-borosilicates #P16 and #P18 
should be  considerably more stable than the lead-alumino- 
borosilicates for surface  passivation at device operating 
temperatures less than 150°C. Data of the type shown in 

Fig. 5 have been taken for similar  glass films on both n- 
and p-type  silicon, and no significant  dependence on dop- 
ing type was  observed.  Samples  of  #760  glass  with  evapo- 
rated silver  electrodes were also tested and no significant 
differences  between  aluminum and silver  were  observed. 

The AVFB data may  be  converted to electrode  charge 
density by multiplying by the glass  capacitance  from 
Table 1.  Since AVFB values  of  greater than 100 V were 
observed for all samples, the changes  in  flat-band  elec- 
trode charge  densities  corresponding to AVFB values of 
100 V are given  in Table 2. The highest  charge  density 
obtained from the data of  Fig. 5 is Id3  charges/cm' for 
the positive  shift of  glass  #1527 at 200°C. 

Interface charge  densities  indicated by Fig. 5 could  be 
explained by migration of sodium ions within the glass. 
Sodium  migrating as a positive  ion  has  been often blamed 
for conductivity and space-charge  development in glass.11'12 
The glasses tested  here  have  sodium atom concentrations 
on the order of  10" ~ m - ~ ,  except for glass  #1527,  which 
has about loz1 sodium  atoms/cm3 as  an intentional addi- 
tive.13 These  would  give  densities  of Id5 cm-' and IO1' 
cm-', respectively, for glass films of one micron. A small 
fraction of this sodium  migrating to the interface  region 
under  positive  bias at elevated temperature would  cause 
positive  space-charge  densities on  the order of  1013  cm-2. 
Cooling to room temperature presumably  renders this 
glass  charge  immobile.  Under  zero-bias conditions, it 
induces a negative  space  charge in the silicon. A large 
negative  bias  must then be  applied to reduce this silicon 
space  charge to zero and observe the flat-band  capacitance. 
Combined bias-temperature treatment with  negative  bias 
could  deplete  sodium ions from the glass  near the interface, 
leaving a negative  space  charge. The facts that #1527  is more 
stable than #760 and that wide  differences  between  glasses 
are evident  in  Fig. 5, suggest that mobility of sodium  ions 

Table 2 Constants for conversion of AVpB data to 
electrode-charge data. 

Change in flat-band electrode charge 
density corresponding to AVFB = 100 V 

(10'' electronic 
Glass No. couI/cm') charges/cm') 

760 2.2 1 .4 
1527 5 . 5  3.4 
182 2.8 1 .7 

P 16 3 .1 1 .9 
P 18 1.8 1 .1 
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is more important than sodium concentration in  determin- 
ing  glass  stability. 

The time and bias  dependence of the AVF, shifts for 
two of the glasses are shown in Fig. 6. The shifts are seen 
to be a saturating function of both time and bias. The 
probable causes of this will be  discussed later. A few 
experiments in which a sample  with #760  glass  was  given 

Figure 6 a)  lime dependence of AVpB shifts. 
b) Bias dependence of AVpB shifts. 

a sequence of bias-temperature treatments, differing  only 
in the bias polarity, indicate that bias-temperature  shifts 
are completely  reversible. The reversal rates are com- 
parable to initial charging rates (i.e., a 60-min treatment 
with  reversed bias will  generally  reverse the sign  of  charge 
induced in an initial 60-min treatment at the same  tem- 
perature). 

Stability after  bias-temperature shifting 

From inspection of Fig. 5, one might  expect that a glass 
such as #P18 could  be  bias-temperature treated in the region 
of 300°C to give a desired  "locked-in''  interface  charge 
that would not decay at temperatures of 150°C or less. 
Trapped charge with  #760 glass would  be  expected to 
decay  rapidly at 150°C, however.  Results  of an experi- 
ment to check this are shown in Fig. 7. Samples  with  #760 
and P18 glasses  were stored in air at 150°C after an initial 
bias-temperature treatment and removed  periodically for 
measurement of the flat-band  voltage. The #760 samples 
were stored with  zero  bias,  while the P18 samples  were 
held at both zero  bias and at bias tending to drive V F B  
towards zero. It is seen that  the #760 samples  decay to 
one-half their initial values in about 20 hr, which  is  much 
longer than the time required for initial shifting at 15OoC, 
+10 V bias. The P18 samples appear to have  good sta- 
bility of the trapped charge at 150°C. No difference is 
seen in samples  with and without  bias at this temperature. 

Conductivity measurements 

Current measurements  with 10 V bias  were taken in the 

I T I M E  UNDER BIAS,  IN MIN (a) 

Figure 7 long-term stability of Vp,  at 150°C after 
initial shifting of interface potential by 
combined bias-temperature treatment. 

P 1 8  +10 V BIAS 
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Figure 8 Current  density in glass  films 200 sec 
after application of 10 V  bias. 

same temperature range as the temperature-bias runs for 
C-V data (100' to 300°C). In all cases the current decayed 
within the first 100 sec after application of bias to a value 
which  was then nearly  time-independent. No asymmetry 
with  bias  polarity  was  noted.  Reproducibility of current 
between units from the same wafer and measured at the 
same temperature was  generally  within 25%. The repro- 
ducibility and the observed temperature dependence 
make  any  explanation of the currents based on electronic 
leakage through pinholes very  unlikely.  Figure 8 shows 
current density 200  sec after applying 10 V bias for three 
of the glass films at various temperatures. Again a great 
variation  with  glass  composition  is  observed which cor- 
relates  qualitatively  with C-V shift data of  Fig. 5. Based 
on this data, we might  expect a AVFB shift of several 
tens of volts after one hour at bias-temperature  con- 
ditions, causing current density of 10"' amp/cm2. 

It is  interesting to compare the currentdensity-time 
integral with CGAVFB, which  is  indicative  of insulator 
space  charge near the glass-silicon  interface.  This  com- 
parison  is  made in Fig. 9 for #760 glass  biased at 150°C. 
Three devices  were  biased for three different  time  periods 
and then C-V measurements  gave the AV,, values. The 
steady-state current gives a linear  current-time integral 
after the first  minute. If we postulate a model in which 
bias  drives  positive  ions  toward the glass-silicon  interface, 
the SZ dt curve  indicates the number of atoms accumu- 
lated at the interface, while the COAVFB curve gives the 
number of these atoms remaining  charged. We note that 

I I I I I 
1 2 4 b 8 10 1 

'IME UNDER BIAS-TEMPERATURE  IN  MIN 

Figure 9 Comparison of charge conducted and 
flat-band charge (C~AVFB) for glass #760 
biased at + 10 V, 150°C. 

in the first  few  minutes  nearly all the charge transferred 
is stored at the interface. The saturation of AVFB after 
the first few 'minutes, seen  here and in  Fig.  6a,  indicates 
a neutralization of ions as space  charge  builds up. This 
could  be  due to electrons  tunneling  from the silicon into 
the glass. 

Applications 

The combination of C-V measurements and bias-temper- 
ature treatments on MIS devices should prove to be a 
useful tool for evaluating the interface  charge and sta- 
bility of insulator-silicon  interfaces. The primary ad- 
vantages are  the very simple  device fabrication and the 
short testing  time  required. An insulator suitable for pas- 
sivation  layer  use will  give no C-V curve  shifts  under 
combinations of bias and temperature to be  experienced 
by the device in question.  These  techniques  have  also 
been  used  in  studying the stability of the silicon  dioxide- 
silicon interfa~e.'~ 

The data of  Fig. 7 show that, with a suitable  glass, 
bias-temperature treatment can "lock-in" an interface 
charge that will not decay at device operating temper- 
atures. This  technique  may  be  useful as a device tailoring 
step. The gate  characteristic of an insulated-gate field- 
effect transistor may  be shifted along the voltage  axis. 
An  example  is  shown  in  Fig. 10. The device here  is an 
experimental  majority-carrier field-effect transistor with 
an n-type  epitaxial  layer on a p-type substrate. The gate 391 
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Figure 10 Tailoring of the gate characteristic  of an 
insulated-gate field-effect  transistor by 
bias-temperature treatment. 

shifted from a nearly  flat-band  condition at zero  bias to 
strong accumulation.  These data  are presented  merely to 
illustrate the principle of interface adjustment, and a more 
stable glass  would  normally  be  used  with a resulting  higher 
adjustment temperature. The breakdown  voltage and 
leakage current of  passivated planar silicon junctions are 
known to be  affected  by  charge  applied to external  gate 
electr0des.1~ Gain of planar transistors may also be con- 
trolled by a gate.“  By use  of  glass  passivation  layers one 
or more of these device parameters might  be  optimized 
by “locking-in” an interface  charge  with  bias-temperature. 

Conclusion 

This  work  has  shown that  the silicon at a glass-silicon 
interface  may  be  driven  strongly  n-type or strongly  p-type 
depending on applied field direction during a heating cycle 
of a few minutes. The important variables in the process 
are glass  composition, temperature, applied  bias, and 
time under  bias-temperature. Unimportant factors are 
silicon  doping  type,  electrode  metal, and ambient  atmos- 
phere. For  the glasses measured, the temperatures re- 
quired for large  interface  shifts  vary  over the range 100” 
to 300°C. The data suggest a mechanism in which the 
combined  bias-temperature treatment causes  space  charge 
to build up in the glass near the interface. This charge is 
probably due to migration of sodium  ions  within the glass, 
although proof  has not been  given  here. The long-term 
stability of this “locked-in”  charge  indicates that interface 
potential with the more stable glasses  may  be  permanently 
tailored to a desired  value  by  bias-temperature  treatment. 
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