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SECTION 3.0

BIAS -STRESS EFFECTS IN MOS CAPACITORS

3.1 INTRODUCTIO N

In the course of stud ying the effects of neutron bombardment
on MOS capacitors , which are reported in Section 2 . 0  of this docu-
ment , certain bias-stress effects were observed. Specifically,
biasing a device into strong inversion for a period of time caused
the storage time , as determined from capacitance versus time
measurements, to degrade . A subsequent accumulation bias
caused the storage time to recover to near its pre-bias-stress
value. This section describes our bias-stress findings.

Nakag iri 29 noted the production of inte r face states by applica-
tion of a high field of either polarity to an Si02 film. Jeppson 30
inve stigated negative bias s tress  effects in MOS devices over the
range 25 to 125°C at high fields and observed creation of interface
states. Other related studies have also been performed.3~

- 3 4
Takino10 reported on the effect of a bias stress on C-t curves for
MOS capacitors on both n-  and p-type substrates. The results
presented herein are qualitatively similar to those of Takino in
that an inversion bias is required to observe storage -time degra-
dation; i . e . ,  a negative bias is needed for n-type and a positive
bias for p-type . Certain devices examined here exhibited o rde r s -
of-magnitude more of a bias-stress effect than that observed by
Takino, whereas other devices yielded results similar to his.

10
T. Takino, Ph.D. thesis, UCLA 1976.

29M. Nakagiri, Jap. 3 .  Appi. Phys. 13, 1610 (1974).
Jeppson and C.M.Svensson, J. Appi. Phys.48, 2004(1977).

A. Goetzberger and H.E. Nigh, Proc. IEEE 54, 1454 (1966).
32B.E. Deal, M. Skiar, A.S. Grove, and E.H. Snow, 3.

Electrochem Soc. 114, 266 (1967).
33A. Goetzberger, A.D. Lopez, and R.J. Strain, J. Electro-

chem Soc. 120, 90 (1973).

~~ i. Kobayashi , M. Nakahara , and M. Atsumi, Proc . IEEE
61 , 249 (1973).
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3.2 EXPERIMENTAL PROCEDURE

Capacitance versus time measurements were made on MOS
capacitors using a PAR Model 410 C-v System and were recorded
on an x-y recorder or a storage oscilloscope. To measure C-t,
a voltage step taking an n-type device from -5 to -1OV was applied
(+5 to +1OV for p-type). Devices studied were fabricated by
Hughes Aircraft and were from the same wafers described in Sec-
tion 2.2.2.8, i.e., Wet N, Dry N, Wet P, Dry P, and KA-09.
The metal electrode thickness was thin (650 A) in the first four
cases and thick (~ 1 tim) for the KA-09 wafer.

The values of DC bias applied to study degradation and recovery
of storage time were ±1OV and ~30V. To obtain a long storage time
initially, an n-type device was biased at either +lOV or +30V for
several hours (-b y or -30V for p-type). The long-storage-time
state is referred to here as “upper saturation.” To achieve a
short storage time in an n-type device, either -b y  or -30V was
then applied for several hours (+1OV or +30\T for p-type). The
short-storage-time state eventually reached is termed “lower
saturation” here.  (This terminology is not strictly correct since
an inversion bias was not applied long enough to reach complete
saturation . The term “lower saturation” is used here to indicate
that the rate of T 8 decreaE e has slowed significantly . )  Upon reach-
ing lower saturation, the storage-time r ecovery process was then
obs erved using an applied bias of polarity opposite to that us ed to
cause degradation.

3.3 RESULTS

Figure 39 shows storage time (i s) as a function of time under
bias stress at room temperature for MOS capacitors from the Wet N
lot. Storage times in upper saturation are in the range 100 to 400
sec. A negative bias stress reduces i~~ to the 1 to 10 msec range
for the case of -30V (0.1 to 1 sec for -b y). The time required to
reach “lower saturation ” is in the range ZOO to 1000 min. The right-
hand portion of Figure 39 shows that complete recovery of i~~ can be
obtained for a positive bias stress. The recovery process usually
took about an order of magnitude less time to take place than the
degradation process. Data for p-type devices are shown in Figure 40.
Note that recovery of the Dry P sample was not complete at the end

96



F~~~ w f r ~ ____ 

-
~ ~~~~ 

—

of the period during which a negative bias stress was applied. De-
vices from lot KA-09 exhibited only a slight bias-stress effect com-
pared to the results shown in Figure 39 and 40. Negative bias stress
for an extended period of time reduced r8 for these devices by only
a factor of two to four. The results for KA-09 are similar in this
regard to those obtained by Takino. 10
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Figur e 39. Storage time degradation and recovery for
MOS capacitors from the Wet N lot.

10 T. Takino , Ph.D. thesis , UCLA 1976.
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Figure 40. Storage time degradation and re-
covery for MOS capacitors on a p -type
substrate.

A few general features of our bias-stress observations should
be mentioned. The rate of de gradation of ‘r~ under inversion -bias
stress was observe d to depend on the amount of time a device was
held in accumulation (upper saturation). The degradation rate was
relatively slow for a device previously biased into accumulation
for a relatively long time . In addition , the recover y ra te was ob-
served to be relatively slow for a device held in lower saturation
with an inversion bias for a relative long time . Capacitance versus
voltage measurements were also made in upper saturation and in
lower saturation . Only a slight shift in flatband voltage (20 to
40 mV) was noted in most cases for both p- and n -type devices.
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For n-type devices, the shift was in a positive direction, which is
consistent with the movement of positive ions toward the Al elec-
trode since a negative bias stress was applied. For p-type devices ,
the shift was in a negative direction , which is consistent with the
movement of positive ions toward the S102-Si interface since a posi-
tive bias stress was applied. It is possible that the observed C-V
shifts are due to movement of sodium ions through the oxide .

Figure 41 shows results of Zerbst analysis (described in Sec-
tion 2.2.2.3) on C-t curves for a Wet N device bias-stressed at -30V.
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Figure 41. Effective generation lifetime and surface generation
velocity as a function of storage time for an MOS capacitor
subjected to a negative bias stress. . Values of Tge and s were
obtained by Zerbs t analysis of C-t curves.
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Shown is the effective generation lifetime 1ge and the surface gener-
ation velocity as a function of storage time . For long storage times,

~ge is long and is dete rmined by generation at centers in the deple-
tion reg ion bulk (i .e. ,  Tge ¶ g ). As 

~~ degrades due to application
of a negative bias stress , Tge also decreases. This is attr ibutable
to the increasing importance of carrier generation at centers at the
Si02-Si interface. The surface generation velocity is observed to
increase by orders of magnitude for a comparable change in r5 and
1•ge (Figure 41). Thus, the apparent effect of an inversion bias stress
is to temporarily create interface states which enhance the rate of
carrier generation, and thereby decrease r 1~. These states can be
removed, at least partially and in most cases completely, by an ac-
cumulation bias stress. An alternative explanation is discussed below.

Figure 42 shows additional features of the degradation and
recovery processes. Illustrated are data for a Wet N sample.
In 42 (a), C-V curve s are shown for upper and lower saturation.
It is seen that the inversion capacitance is increased when a device
is placed in the lower saturation state by an inversion-bias stress
(-b y). C-t curves in upper saturation are shown in 42(b). The
bias stress applied for a few hundred seconds to obtain the first
trace causes r5 to degrade, so a different C-t curve is obtained
upon repeating the measurement. A C-t curve in lower saturation
is shown in 42(c). Note that the Initial and final values of capaci-
tance are larger here than in 42(b). Upon applying an accumulation
bias (+b OV) to cause recovery to occur , we observed that the C-V
curve recovers before i~~ recovers. This is shown in 42(d) and
42 (e). In 42 (d), the inversion capacitance has recovered to near
its upper-saturation value whereas the C-t curve in 42 (e ) still yields
a short • (Note that the C-V curve is flat in inversion in Fig-
ure 42(d) because is very short. At the same sweep rate, the
C-V curve in upper saturation (42 (a)) is not flat because i~~ is long;
i.e., the sweep rate is such that a deep-depleted condition is
achieved..) Following this, a process we term “temporary re-
covery ” occur s, as illustrated in Figure 42 (f). It appears that ¶ 5is long from the first part of the C-t cur ve . However , i~~ abruptly
appears to be short again near the end of the trace. After a bias

• stress on the order of 20 to 100 minutes, “permanent” recovery
of i~~ is observed. (Data of the type shown in Figure 42(f) are only
observed if the C-t trace is begun in deep depletion instead of
inversion.)
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The recovery process depicted in Figure 42(f) was also ob-
served to take on another form , depending on the time following
application of a recovery bias at which observations were made.
Figure 43 shows data obtained a short time (minutes) after appli-
cation of +30V recovery bia s to an n-type device (a device diffe r-
ent from that of Figure 42). The first part of the C-t curve is very
similar to that shown in Figure 42 (f) .  However , a second portion
is then observed in which the final value of capacitance increases.
A trace of this type indicates that i~~ has not yet recovered and also
that the capacitance has returned to its lower saturation condition.
It should be note d that the temporary recovery phenomena of Fig-
ures 42(f) and 43 arise because the accumulation -bias recovery
process is perturbed by making a C-t measurement. To make this
measurement, an inversion bia s is applied to the device which
causes degradation to occur once again . Thus , in Figure 42(f) r~
is initially long but is degraded abruptly during the C-t measure-
ment as a result of the inversion bias.

3.4 DISCUSSION

A qualitative explanation for a portion of the present bias -
stress findings can be given based on the work of Takino. 10 How-
ever, certain aspects of the data are not yet accounted for, and
further work will be required to achieve the needed insight. Takino
considered the effect of positive ions in the oxide on the carrier
generation rate at interface states. For an n -type substrate , as
positive ions approach the interface the electron emission rate de-
creases. In the p-type case, the approach of positive ions causes
the emission rate to increase. These effects are due to the cou-
lombic interaction between the ion and the interface state. 10

The present C-V data taken in lower and upper saturation are
explainable in terms of positive ion motion in the oxide . In ad-
dition , if Takino ’s model is correct , then the C-t ( i .e . ,  ¶~~) data
can also be accounted for qualitatively on the basis of ion motion .
In n-type devices , for example , application of a negative -bias
stress  would move the positive ions away from the interface ,
thereby increasing the carrier generation rate and decreasing the
storage time . A positive-bias stress reverses the process.

‘° T. Takino , Ph.D. thesis , UCLA 1976.
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Figure 43. Capacitance ver sus time for an MOS capacitor
illustrating the degradation of ¶ 5 and the increase in
inversion capacitance that can occur during a C-t meas-
urement of a device that had a recovery (accumulation)
bias applied for a short time (minutes).

• The increase in inversion capacitance observed in lower satu-
ration can be accounted for qualitatively in terms of the lateral
motion of positive ions . Consider a p-type device as an example. A
positive -bias stress drives ions perpendicularly through the oxide
to the interface, with a resulting decrease in storage time . The
fringing fie ld present give s rise to the later ally depleted region
shown in Figure 1. In addition , this fringing field will move ions
laterally along the interface beyond the region under the gate
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electrode. These ions can then deplete an additional portion of the
semiconductor in the laterial region , thereby causing the measured
inversion capacitance to increase.

The above qualitative model does not appear to account for the
following experimental observations: (1) the rate of degradation of

was about an order of magnitude slower than the rate of recovery;
(2) capacitance recovery occurred before the onset of storage-time
recovery upon application of an accumulation bias. One further
experiment performed near the end of this program also needs to
be explained. The temperature of an n-type (Wet N) MOS capaci-
tor with a positive bias (30V) applied was raised to either 50 or
100°C. Next , the polarity of the bias was reversed (-30V) and bias-
temperature stress then continued for typically one hour . Upon re -
turning the device to room temperature while maintaining the nega-
tive bia s , it was subsequently found that the time required to degrade
¶

5 significantly using a negative-bias stress had increased by a
facto r of 2 to 5 compared to that required in an identical device that
had not been bias-temperature stressed (e.g., data of Figure 39).
(This experiment was replicated using several Wet N devices.) In
addition , the negative -bias stress at elevated temperature did not
significantly degrade i~~ at room temperature; i .e. ,  the value of ¶ 5
was still near upper saturation . This recent finding appears to be
inconsistent with the positive -ion model described above . However ,
it does appear to be consistent with our observation , noted above ,
that the rate of degradation under inversion-bias stress depends on
the amount of time a device is previously held in accumulation at
room temperature.  Holding a device in accumulation at elevated
temperature slows the degradation rate much more significantly.

The bias-stress observations reported here are interesting
from several viewpoints, including: (1) the potential impact of these
effects on the study of MOS device properties; (2) the reliability of
MOS devices; (3) the potential relationship between the observed
phenomena and interface-state studie s at various laboratories (in-
cluding studies of radiation-induced interface states). Additional
study of bias-stress effects are needed before a comprehensive
model can be developed. Such a model will be required before the
importance of the observed phenomena can be realistically
assessed.
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SECTION 4.0

LEAKAGE CURRENT PHENOMENA IN IRRADIATED
SOS DEVICES*

4.1 INTRODUCTION

Silicon-on-sapphire MOS devices are being developed for
radiation-hardened electronic systems because they have several
advantages over their MOS -on -bulk -silicon counterparts: reduced
transient photoresponse; elimination of latchup; increased packing
density a~id speed. A disadvantage of SOS devices is the occurrence
of a significant ionizing -radiation -induced back -channel leakage
current in n-channel transistors. 35 37 This phenomenon has been
shown to be due to the trapping of positive charge in the sapphire
near the silicon-sapphire interface which induces a conducting
channel in the silicon.38’ 39 We have performed a detailed study
of ionizing radiation effects on SOS devices with emphasis placed
on determining the mechanisms of back-channel leakage current
phenomena .

Several related topics are treated in this section, including:
(a) comparison of radiation-induced leakage current for devices
with wet and dry gate oxides; (b) radiation-induced reduction of
back-channel leakage current; (c) bombarding electron energy de-
pendence of leakage current production and leakage current reduc-
tion . This last topic was explored using 6- to 45-keV electrons.
The reader ’s attention is particularly directed to the discussion of
radiation-induced reduction of leakage current. This novel mech-
anism constitutes a potential remedy for leakage current  problems
in SOS devices employed in a space radiation environment.

*Published in the IEEE Transactions on Nuclear Science 24,
2119 (1977).

35 D. Neamen, W. Shedd , and B. Buchanan, IEEE Trans .
• Nucl. Sci. 21 , 211 (Dec. 1974).

36 R.A. Kjar and J. Peel, IEEE Trans. Nucl. Sci. 21, 208
(Dec. 1974).

37K .M.  Schlesie r , IEEE Trans .  Nucl. S d .  21 , 152
(Dec. 1974) .

38 E. Harar i , Appi. Phys. Letters 29, 25 (1976) .
39E. Harari and D.J. McGreivy, IEEE Trans. Electron

Devices 24 , 1277 (1977) .
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4.2 EXPERIMENTAL CONSIDERATIONS

Irradiations were performed at room temperature using the
Co 6° source at Northrop Research  and Technology Center and a
Jeol JSM-Z scanning electron microscope . The Co6° dose rate
was 4.3 rads(Si) /s  in most cases but in some experiments was in-
creased to 64 rads(Si) /s.  Silicon-on-sapphire devices examined
in this stu dy were obtained from several sources. Most of the in-
formation presented herein resulted from studies on custom n-channel
SOS t ransis tors  fabricated at Hughes Aircraft  (HAG). Sapphire
wafers  containing a silicon ep itaxial laye r (initial thickness 0. 5 ~m)
were obtained by Hughes from Union Carbide and devices containing
both wet and dry gate oxides were then fabricated. All processing
steps were identical for these devices except the gate oxidation.
Wet oxides (~ 980 A - -  pyrogenic)  were grown at 925°C whereas the
dry-oxide (“.930 A) growth temperature was 1000°C. The gate met-
allization on most of the transistors was purposely kept thin (750
±100 A) to facilitate studies with a low-energy electron beam. Chan-
nel width was 8.0 mils and channel length was 0 .21 ± 0 . 0 2  mil . We
also investigated radiation-induced leakage current  in n-channel
transistors contained in radiation-hardened CMOS /SOS inverters
obtained from three manufacturers.

Back-channel leakage current I~ was obtained from measure-
ments of drain current  versus gate voltage for a constant value of
Vds , typically 5~~ Such characteristics were  recorded on an x-y
plotter by applying a ramp voltage to the gate electrode and moni-
toring drain current by use of a current-to-voltage converter. In
addition to obtaining 12 from 

~ds Vgs characteristics, we also
used a cir cuit to switch momentarily to measurement bias condi-
tions when it was necessary to minimize the time during which ir-
radiation bias conditions were interrupted. A constant 1ds (equal
to 12 ) was achieved only if Vgs was several volts negative ; con-
duction along the front channel and at island ed ges must be turned
off before back-channel leakage current  alone is observed.  Thresh-
old voltage was determined for SOS transistors  from measurements
of versus Vgs in the conventional way . Front-channel field-
effect  mobility was also dete rmined from such measurements. In
addition , drain characteristics were used to obtain front-channel
conductance mobility.
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4.3  RESULTS

4.3 .  1 Threshold Voltage Shift s and Channel Mobility Degradation

Threshold voltage was measured as a function of dose up to
io~ rads(Si)  (Co 6° -- 64 rads(Si)/s~ for d r y -  and wet-oxide custom
t rans i s to r s .  During irradiation and measurement, Vds was equal
to 5V , and irradiations were performed with two values of Vgs: 0
(grounded gate ) and 5V. Both device types were foun d to be quite
radiation tolerant.  Under wors t -case  biasing conditions , the maxi-
mum value of threshold voltage shift observed up to i0 7 rads was
1. 3V. Interface-state effects  were  evident ( i . e . ,  positive shift in
threshold voltage) at high doses for wet-oxide t ransis tors  but not
for dry-oxide units . McLean et al. 23 previously observed such
effects to be more important in wet-oxide devices.

Degradation of front-channel  mobility was found to be neg li-
g ible for dry-oxide t rans is tors  afte r irradiation to io~ rads .  How-
eve r , in wet-oxide devices after the same total dose , mobility de-
graded by roughly a factor of two and this reduction is qualitatively
consistent with the interface-state effects  noted for such units in
threshold voltage measurements.  That is , increased scattering is
expected when a significant number of interface state s have been
introduced by radiation.

4 . 3 . 2  Leakage Currents in Irradiated Wet- and Dry-Oxide Devices

Figure 44 shows leakage current  versus dose for wet- and dry-
oxide t ransis tors  irradiated using Co 6° at a dose rate of 4. 3 rads
(Si)Is.  (Discussion of the reduction of I~ shown in the ri ght-hand

• side of this figure is given in the next subsection.)  The irradiation
bias values were Vgs = 0 and Vds = 5V. To measure IL, Vgs was
switched momentarily to about -7V. Leakage currents for dry-
oxide devices are observed to be substantially larger than for their
wet counterparts . Behavior is similar in both cases in that plateau
reg ions are evident at high doses and a significant increase in IL
occur s at intermediate doses .  (Similar data have previously been
obtained by Harari .  38 , 39) . A slight decrease in leakage current

23
F .B .  McLean , H . E .  Boesch , J r . ,  and J .M.  McGarrity ,

IEEE Trans. Nuci. Sci. ~~~~~, 1506 ( 1976).
38 E. Harari , Appl. Phys.  Letters 29, 25 (1976).
39 E . Harari  and D.J .  McGreivy, IEEE Trans.  Electron

Devices 24 , 1277 (1977).
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Figure 44. Back-channel leakage current vs dose for dry-  and wet-
oxide n-channel SOS transistors irradiated with V = 0 and
Vds 5V at a dose rate of 4.3 rads (Si)/s. The reLction in leak-
age current in the right-hand portion of this figure was accom-
plished b y continuing to irradiate beyond 106 rads with Vds =

Vgs = 0 . (Note the change in the dose scale.)

(“‘20%) is evident as the dose is increased from iø~ to 106 rads. By
analogy to effe cts at the SiO 2-Si interface , thi s decrease may be due
to the introduction of negatively charged states at the Si-Al 203 inter-
face which would compensate for a portion of the positive charge
trapped in the sapphire.  (For data obtained at a dose rate of 64 rads
(Si)/s , thi s phenomenon was evident but only at about the 5% level.)

At the Northrop Co 60 facility, a device to be irradiated is placed
in the exposure room and the radiation sour ce is then raised up into
the room. This takes approximatel y 5 minutes, during which time
the dose rate is time varying.  A maximum rate is reached when the
Co 6° source is completely raised. As discussed below, it was found
that a small photocurrent dominated behavior shown in Figure 44 for
the wet-oxide device for doses up to 200 rads (the approximate dose
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received during raising of the Co
60 

source for the case of a maxi-
mum rate of 4.3 rads(Si)/s). This current scaled with dose rate
and served to mask true back-channel behavior at low doses. To
examine only the radiation-induced back-channel leakage compo-
nent of measured current , both the photocurrent and the pre-

• irradiation current were subtracted from measured values.

Figure 45 shows radiation-induced back-channel leakage current
versus dose based on data in Figure 44. The large vertical error
bar for the lowest-dose wet-oxide data point reflects primarily the
accuracy of the photocurrent correction made at that dose. Also
shown in Figure 45 (solid circles) is a horizontal translation of
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Figure 45. Radiation-induced leakage current vs dose for wet-
and dry-oxide SOS transistors irradiated at a rate of 4. 3 rads
(Si)/s.  These data were  obtaine d by correcting the data of
Figure 44 for pre -irradiation current and , in the wet-oxide
case , for a photocurrent  component.
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wet-oxide data by a factor of 90 in dose. This translation illustrates
that both wet and dry data can be described by the same power law
(current (dose)L ~) over approximately three o rde r s  of magnitude
variation in radiation-induced leakage current. If we consider wet
and dry data separately, the (dose)l.5 dependence in the wet case is
observed over a leakage current  range of approximately two orders
of magnitude for doses between 500 and ~~~ rads (Si). For dry de-
vices , this dependence is also note d over approximately two o r d e r s
of magnitude variation in cur ren t  for doses between 20 and 500 r ads .

Before interpreting the results of Figure 45 , it is usefu l to con-
sider the temperature dependence data of Figure 46. Shown is leak-
age current versus 1000/T for wet- and dry-oxide transistors be-
fore and after irradiation to several doses . Before irradiation , data
for wet devices exhibit two regimes with activation energies differing
by a factor ot two. The high-temperature regime is most likely due
to thermal generat ion in the drain dep le tion reg ion . For a sing le
generat ion level at mid -gap, the dominant term in the expression for
thermal generation rate will be n 1, the intrinsic carr ie r concentra-
tion . Over the temperature range of interest , n~ is approximately
proportional to e x p ( -O .6 0  eV/kT) and thu s the 0.57 eV slope in Fig-
ure 46 is consistent with the domination of generation current  at high

• t empera tures .  Harari  and McGreivy ~9 obtained convincing evidence
that pre -irradiation leakage current  at room temperature  In wet -
oxide devices very s imilar to those studied here is attr ibutable to
thermal generation . Although the present results are consistent with
their findings , it is interesting to note in Figure 46 that this statement
only app lie s at room temperature  and above . At lowe r temperatures
for unirradiated wet devices and for both device types under all other
conditions shown in the figure , measured leakage current  is dominated

• by back-channel phenomena .

Formation of a channel in the silicon adjacent to the Si-A12O 3
interface occurs due to buildup of positive trapped charge Nt in the
sapphire. The quantity N~ induces a carrier density ‘1inv and the re-
sulting leakage current  is given by e FAnin .~~bc, where F is app lied
field , A is cross-sectional area , and L1-bc is back-channel carr ier
mobility . In general , Nt and ninv will be related nonlinearly. Ad-
ditionally,_ P-bc is expected to vary with ninv. Work of Brews ,

39E .  Harar i  and D .J .  McGreivy,  IEEE Trans . Electron
Devices 24 , 1277 ( 1977).

40 J . R .  Brews , J. App l. Phys . 46 , 2181 (1975 );  46, 2193 (1 975 ) .
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Figure 46. Leakage current vs reciprocal temperature for wet-
and dry-oxide SOS transis tors .  Data obtained before irradi-
ation and after irradiation to several value s of total dose are
shown .
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41 42• Chen and Muller , and Guzev et al. has revealed that front -
channel mobility in an MOS transistor in weak inversion is constant
for very low value s of nj nv (~~l0~ cm 2 ) and increases with
for higher values of this quantity (but still in weak inversion).
Brews ’ analysis indicates that this will occur when front-channel
mobility is dominated at low carrier concentrations by a relatively
high, inhomogeneously distributed fixed interface charge density .
As the gate voltage is increased , thereby increasing ninv in the
front  channel , screening will increase with a resultant reduction
in ca r r i e r -dens i ty  fluctuations. Hence , mobility increases.  (This
reasoning can also be applied to the back channel in an SOS device
but in this case ninv is increased by increasing Nt through ioniz-
ing radia t ion . )  Beyond weak inversion, scattering dominates and
mobility decreases  with increasing inversion-layer carr ier
density . 40-42

The temperature dependence of I~ shown in Figure 46 yields
activation energies (Ea) which are roughly equal except for the case
of post-irradiation dry-oxide data. (We exclude the thermal genera-
tion reg ime from this discussion.)  Chen and Muller 41 observed that
front-channel mobility in MOS transistors decreased with decreasing
temperature in the weak inversion regime and plots of su ch data
yielded an activation energy of ~ O. 1 eV. Data in Figure 46 are quali-
tatively consi .~tent with their findings in that IL is also observed to

• decrease  with decreasing temperature, which suggests that the
temperature  dependence of leakage current  is attributable to that
of back-channel mobility. Chen and Muller proposed a temperature-
activated front-channel mobility at low inversion-layer carrier den-
sitie s , with Ea bein g an e ffective barr ier  associated with a non-
uniform potential distribution at the Si0 2 -Si interface . (Analysis
by B rews 4° indicate s that interpreting channel mobility data in terms
of temperature activation may be oversimplified.) This effective
barr ier  is lowered by an increase in 

~jnv 
and thus one should observe

an Ea that decreases with increasing ~inv 
in the weak inversion

reg ime . The dry-oxide data in Figure 46 are qualitatively consistent
with this concept in that Ea decreased due to irradiation ( i . e . ,
higher back-channel ninv). The observation that wet-oxide devices

40
J.R. Brews, J. Appi. Phys. 46, 2181 (1975); 46, 2193 (1975).

41J.T.C. Chen and R.S. Muller, J. Appl. Phys. 45 , 828 (1974) .
42 A.A. Guzev, G.L . Kurishev, and S.P. Sinitsa, Phys. Status

Solidi Al4, 41 (1972).
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yielded approximately the same value of Ea under all conditions
shown in this figure is qualitatively consistent with the f ron t -
channel data of Chen and Mulle r , where , at a g iven tempera ture ,
mobility (and thus Ea ) was observed to be nearl y constant in very
weak inversion for several temperatures near 300 K.

Pre -irradiation data in Figure 46 for the dry-oxide device are
very similar to post-irradiation wet-oxide find ings. This suggests
that a back channel alread y exists in dry  devices before irradiation ,
whereas in the wet case pre -irradiation leakage current  at room
tempera ture  is dominated by thermal generation in the drain dep le-
tion reg ion . Harar i  and McGreivy 39 have explained such behavior
in terms of the existence of a process ing-produced n-type layer in
the silicon adjacent to the Si-A1203 interface for dry-oxide devices.
They ruled out trapped charge in the Al203 as being responsible
for pre-irradiat ion leakage cur ren t  in such devices because they
were  unable to reduce I~ by optical excitation . -

Interpretat ion of the room-tempera ture data of Figure 45 is
now given. The same functional dependence of radiation-induced
leakage current  on ionizing dose is exhibited for wet-  and d r y -
oxide devices , which suggests that the same physical p roc e sses
are occurr ing in both cases.  The factor -of-nine ty disp lacement
in dose exhibited in the f igur e ( i . e . ,  a larger  dose required to

• achieve a g iven value of I~ in wet devices)  then needs to be ac-
counted for .  At some constant value of radiation-induced leakage
current , the product of mobility and car r ie r  density in the back
channel for the dry-oxide case must be equal to that for wet oxide.
Such a comparison can be made for leakage currents ranging from

~‘.i0’
8 to “P3 x lO 7A and for doses ranging from “.10 to “.200 rads

for dry oxide and from ‘.l0~ to ‘Zx i0
4 rads for wet oxide . Since

the rate at which the mobility-carrier density product increases
with dose is the same for wet and dry  devices , one is tempted to
conclude that at a given valu e of leakage cur ren t  mobilities are
equal and carr ier  densities are equal for t~ie two transistor  types.
The displacement in dose exhibited in Figure 45 would then be at-
tributed to a larger density of traps in dry-oxide devices than in
their wet-oxide counterparts . The fact that leakage-current  sat-
uration occurs at approximately the same dose suggests that the
same trap is responsible for observe d behavior in both cases.

39 E. Harar i a n d D . J .  McGreivy,  IEEE Trans . Electron
Devices 24, 1277 (1977).
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Acceptance of a significantly larger trap density in dry-oxide de-
vices then suggests that in the wet case only a very small fraction
of the hole s generated in the Al203 per unit dose are trapped there.

An alternative to the above explanation is that identical traps
and trap densities exist in the sapphire for wet and d ry  devices.Data of Figure 45 could then be explained in terms of a higher
mobility in dry-oxide devices than in their wet counterparts . For
equal trapped charge densities , it seems reasonable to assume
that ninv would be comparable for the two device types. However ,this would then require that P-~~~(dry ) be a facto r on the order ofio~ larger than P-bc (wet) in the nonsaturation regime and about twoorders of magnitude larger in saturation. This requirement seems
unreasonable and we jud ge this alternative exp lanation to be much
less attractive than the unequal_trap_ density model suggested above .

The data of Figure 45 cannot be exp lained simply on the basisof differing silicon doping conditions . As mentioned above , the
presence of an n-type layer in dry devices can account for the largepre-irradiatj on value of IL compared to that in wet units . If we
assume equal trap densities , equal trapped charge densitie s at agiven dose , equal back-channel mobilities at a given 

~ inv ’ and un-equal silicon doping conditions in the two cases , an initial diffe r-ence in 1L versus dose behavior is expecte d , similar to that shown
in Figure 45 at low doses. However , at highe r doses where leak-
age currents are significantly larger than pre -irradiation values ,data for wet-oxide devices would merge with dry-oxide data and thesaturation value of ‘L would be the same in both cases. Since be-havior of that natur e is not observed 1 we therefore rule out such
an exp lanation .

In order to dete rmine the dry-to -wet trap -density ratio respon-sible for the factor-of-ninety displacement in Figure 45, one wouldneed to relate Nt (or dose) quantitative ly to ninv or P-bc~ The pres-ent data do not yield these relations. It is interesting to note that
the dry-to -wet IL ratio in saturation is also 90. Howeve r , this isfortuitous since, as shown in Figure 46 (devices 2 and 4), the satu-ration ratio varie s with temperature due to the temperature depend-ence of P -bc e On the othe r hand , the displacement ratio is expected
to be temperature invariant since it depends only on the t rap-densityratio under the present interpretation.
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4. 3. 3 Radiation-Induced Re duction of Back-Channel  Leakage
Curren t

The ri g ht portion of Figure 44 illustrates the phenomenon of
radiation -induced reduction of back -channel leakage cur ren t .  Re -
ducing Vds to zero afte r radiation-induced increases  in have
been observe d caused to decrease dramatically to near its pre-
irradiation value if irradiation is continued in this bias condition .
To obtain the recovery data of Figure 44 (note break in dose axis
just  beyond io 6 rads ), Vds was redu ced to zero after 10 6 rads and
irradiation continued. To measure leakage cur ren t  at a given dose ,
Vds was momentarily switched to 5V and Vg8 to -7V (typ ically ) .
This measurement  took 2 to 3 sec and then Vgs and Vds were  re-
turned to zero .  If the measurement is not made rap idly, then
will increase significantly during the measurement period.  It is
seen that a few thousand rads is sufficient to reduce I,~ to a satu-
ration level.

The IL re du ct ion p rocess can be re pea ted as evidenced by data
in Figure 47. Thi s figure shows findings for a wet-oxide transistor
irradiated with Vd5 = 5V to a dose of i03 rads , at which point Vds
was reduced to zero and irradiation continued. Substantial recovery
is evident . This process was repeated for four more cycle s as
shown . Upon completion of this cycl ying experiment , the Co 6°
source was lowered (dose rate = 0), with a resulting ~ecrease in
IL to within 25% of the pre- i r radia t ion  value . The Co 0 sour ce was
raised again (with Vds = 0) and I,~ increased , and we attribute this
increase to a ph otocurrent .  (In Figure 44, the final value of IL
for the wet device following radiation-induced recovery was influ-
en ced by the photocurrent  and subtracting it reduces measured I~
to within 50% of its pre-irradiation value.) The recovery phe-
nomenon observed here suggests  that periodic reduction of to
zero to cause a reduction in IL is a potential remedy for leakage
cur ren t  problems in SOS devices employed in a space radiation
environment.

Leakage cur ren t  studies were made on n-channel t ransis tors
contained in CMOS /SOS iniverters  from three manufacturers  to de-
termine whether the radiation-induced ‘L reduction process ob-
served for custom t r ans i s to r s  (Fi gures  44 and 47) was general .
Large variations in radiation response were observed from lot to
lot for inver te r s .  However , the recovery  phenomenon was evident
for all devices examined. It is interest ing to note that in several
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cases the final value of IL following leakage current  production and
subsequent radiation-induced reduct ion was actually less than the
pre - irradiation value . In one case , pos t - recovery  IL was an order
of magnitude smalle r than prior  to bombardment.

4 .3 .4  Scanning -Electron-Microscope Studies of Leakage Current
Production and Reduction

Experiments were pe r formed using a scanning electron micro-
scope (SEM) as a source of localized , nonpenetrating ionizing radi-
ation for the purpose of gaining understanding of the mechanisms of
leakage current  production and reduction in irradiated SOS devices.
Energy deposition profile s for low-energy electrons incident on
low-Z materials can be calculated based on the work of Everhart
and Hoff ~~ and Figures 48 and 49 show profile s appropriate for the
geometry of the present custom t rans is tors  (thin gate metallization).
In Figure 48 , profile s for energies from 6 to 16 keV are shown and ,
for convenience , effective thicknesses of Al , Si , and A12O 3 are
g iven based on density ratios relative to SiO 2. It is seen that si g-
nificant energy deposition occurs in the sapphire for energies
~ 9 keV . Figure 49 shows deposition profile s at hi gher energ ies
and only the sapphire portion of a t ransistor  is shown . For this
figure , distances shown correspond to actual distances into the
sapphire. (In di scussion below, the te rm “electron range ” in the
A12 O 3 is used and this re fe rs  here to that distance at which
dE/dx  0 in Figure 49.)

Irradiations were performed by raster scanning the beam over
a device for an integral number of scans. Beam current was meas-
ured by means of a Faraday cup which was mechanically moved into
position between irradiations of a device . The beam current  was
reduced to the range of 1 to 6 pA by means of intensity modulation
at 50 kHz using a combination of ac and dc deflection of the beam.
Uniformity of irradiation ove r a device is assured by use of a de-
focused beam. In spite of the use of low beam current and a de-
focused beam , a significant difference between Co60 and SEM ir-
radiation conditions is the much hi gher dose rate in the latter case.
In the present study, the dose-rate ratio exceeded io~ in most
cases. Operation was restricted to a beam current range where
dose-rate effects on measured leakage current were observed to
be relatively small.

4 3T .E .  Everhart and P .H.  Hoff , 1. Appl. Phys . 41, 5837 (1971) .
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Figure 48. Energy deposition profiles for custom SOS transistors
bombarded by low-energy electrons. Profiles were calculated
using the work of Everhart and Hoff and effective thick-
nesses of Al, Si, and A1203 are shown based on density ratios
relative to Si02.
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Figure 49. Energy deposition profiles for the sapphire substrate
of custom SOS transistors bombarded by low-energy electrons .
In contrast  to Figure 48, the x axis corresponds to actual dis-
tances into the sapphire . Note that the Si-A1203 interface is
coincident with the y axis.

Leakage current studie s using the SEM were performed on one
dry-oxide chip and one wet-oxide chip , each of which contained
several t ransis tors .  The most complete set of data were obtained
for two wet-oxide devices connected in parallel and irradiated si-
multaneously, and we therefore concentrate on these results here .
Results for dry-oxide devices were in qualitative agreement with
wet-oxide findings ove r the energy range for which comparable
data were obtained (8 to 18 keV). It is significant to note that the
process of radiation-induced reduction of leakage current permits
the performance of various radiation effects experiments on a given
device since the device can be returned to near its ori ginal condi -
tion by simple irradiating with Vds = 0 . This procedure was followed
here .

In one serie s of experiments on wet-oxide transistors, the ef-
fectiveness of bombarding electrons of various energ ies in giving
rise to back-channel leakage current was examined. Figur e 50 shows
leakage current versus total energy incident on the gate electrode for
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Figure 50. Leakage current vs energy incident on the gate elec-
trode of a wet-oxide SOS transistor . Data for several born-

• barding electron beam energies are shown .

four beam energies, ranging from 6 to 16 keV. These data are
presented in terms of total incident energy since , as is evident in
Figure 48 , nonuniform energy deposition in four materials is in-
volved and it is difficult to establish a more meaningful base for
comparison . It is seen that 6-keV electrons do not cause an increase
in leakage current whereas the higher-energy cases do. Upon corn-
paring the results of Figu•re 50 with the profiles of Figures 48 and

-
• 

49, the following conclusion becomes evident: Energy must be de-
posited in the sapphire before radiation-induced increases in back-
channel leakage current will be observed. For the 6-keV case, the
energy deposition profile peaks in the Si02 and the maximum dose
deposited in the layer was “.3 x 10” rads(Si). At 16-keV , the peak
of the profile was just Within the sapphire and a relatively high
rate of leakage current production is observed.
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• Figure 51 presents radiation-induced back-channel leakage
current  versus dose for bombardment with 30- and 45-keV electrons.
For reasons which are discussed below , dose in both cases was ob-
tained using the average value of the energy-deposit ion-profi le am-
plitude ove r the first  2 ~j .m of the sapphire. Shown for comparison

• are Co6° data for a wet-oxide transistor taken from Figure 45. The
• 3O-keV data are in agreement with 45-keV finding s and a general

similarity exists between Co 6° and electron data . Saturation value s
• of IL observed at high doses are quite similar and the rate s of leak-

age current production are at least comparable . The results illus-
trated in Figure 51 lead us to a second conclusion: Energy deposition
in the bulk of the sapphire ( i . e . ,  at distances greater  than several
pm f rom the Si-A12O3 interface)  is unimportant in terms of giving
rise to back-channel leakage current.  This point is clearly illustra-
ted by considering the 30-keV profile of Figure 49. Electrons of this

10’ I I

— WET OXIDE ,o’ - A
U

60 --

• — 
0 0’ A

• 30- keV e p’ A U

A 45 keV e- ,‘~ A •  -
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z

• 
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I
,
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• lO b0 I I I I
• 10’ 102 10’ 1O~ 10’ 10’

DOSE [rads(Si))

• Figur e 51. Radiation-induced back-channel leaka~ e current vs
dose for wet-oxide SOS t ransis tors .  The Co 6~ data shown are
from Figure 45. For electron bombardment , the dose shown
corresponds to the average energy deposited in the f i rs t  2 1im
of the sapphire substrate .
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energy only penetrate a few ~m into the sapphire but give rise to
a saturation IL nearly equai to that produced by Co 6° gamma rays
which pene trate throug h the entire sapphire thickness (several
hundred ~j .m).

Further insight regarding leakage current  production is gained
by considering the electron energy dependence of saturation leakage
current as shown in Figure 52. This figure presents saturation
values as a function of electron range it the sapphire.  (Shown for
comparison is the mean value obtained from Co OO measurements
on a set of transistors from the same lot.) These results suggest
a model in which the relevant hole traps are distributed to a depth
of several lAm within the sapphire , where only a fraction of these
traps can be populated at lower beam energies. However , the al-
ternative hypothesis , in which the traps are located at the Si-A1203interface (just inside the A1203 ), cannot be ruled out by these data
because , as discussed below , neutralization of trapped charge oc-
curs simultaneously with the production process. These two proc-
esses have different beam energy dependences and come into equ i-
librium in saturation at each beam energy. A fit based on these
competing processes is shown in Figure 52, which demonstrates ,
as will be seen , that the observed saturation behavior can be ex-
plained without invoking spatially distributed traps within the
sapphire.

For the purpose of fu r ther examining the region of importance
in the sapphire , the effectiveness of various beam energies in giving
rise to leakage current was considered. We define a relative pro-
duction effe ctiveness (RPE) as 

~I,g /Eb fI b dt , where Eb and ‘b are
beam energy and beam current , respectively, and MI is the change
in leakage current  produced by a given tota l incident energy.  Fig-
ure 53 presents RPE versus electron beam energy (open circles)
for a wet-oxide transistor . A peak in effectiveness is observed in
the range 16 to 18 keV , corresponding to beam energies at which
the deposition profile peaks at some slight distance into the sap-
phire . The sharp decrease in RPE evident in Figure 53 at low beam
energie s is primarily due to the smaller fraction of total incident
energy which reache s the sapphire.  The decrease in RPE evident
at higher beam energies is consistent with either of the following
interpretations: (1) a finite spatial distribution of traps which are
e ffective in increasing IL extends into the sapphire a distance on
the order of 2 ~m , or (2) an effective generation reg ion (or collec-
tion volume ) extends “-.2 ~im into the A1203. In the latter case ,
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Figure 52. Saturation leakage current vs electron range in sap-
phire for a wet-oxide SOS transistor irradiated with electrons
of various energies. The mean Co6° saturation value (averaged
over several samples) is also shown for comparison. The
electron ranges shown correspond to distances at which dE/dx = 0
in Figure 48. The analytical fit is based on simultaneous pro-
duction and reduction processes (see text).
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Figure 53. Leakage-current production effectiveness vs electron
beam energy for an irradiated wet-oxide SOS transistor. The
fit shown is based on simultaneous production and reduction
processes (see text).
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generated holes would drift to traps located at the Si-A1203 inter-
face . The important point to note is that the f i rs t  few ~im of the
sapphire are shown here to be important in the leakage cur ren t  pro-
duction process. It was on this basis that we chose to express dose
for the 30- and 45-keV data in Figure 51 in terms of energy deposited
in the f i rs t  two tim.

Since energy deposited in the sapphire is the important quantity
in terms of leakage current production , it should be meaning ful to

• express RPE in absolute terms by multiplying the denominator of the
RPE expression by that fraction f (E)  of incident energy which is de-
posited in the sapphire . (The upper curve in Figure 54 shows f (E )
versus electron beam ene rgy . )  Absolute production effectiveness
(APE) ,  determined in this manne r , is shown in Figure 53. The drop-
off in effe ctiveness at low beam energies was unexpected since the
APE should be independent of energy at low beam energ ies if f (E)  is
the governing quantity . Several factors could be responsible for ob-
served behavior.  Experimental uncertainties are considerably
larger  for the low-energy data points due to the extreme sensitivity
of f (E)  at such energies to assumed s ilicon thickness. Additionally,
production effectiveness had to be evaluate d differently at 9 keV than
in hig her  energy cases since a comparable range in leakag.~ cur ren t
was not covered (i . e . ,  ~~ was different) .  In view of the nonlinear
dependence of IL on dose , this implies an additional uncertainty in
the 9-keV case. The above-mentioned competition between produc-
tion and re duction processes may also be present , however , and
would yield a dropo ff in production effectiveness at low beam energies.
A fit to the RPE curve based on such a model is shown (discussed
further below). The fit does not take into account the finite range
of the production process , and thus correspondence with data at
high beam energ ies is not expected.

Studies of leakage current reduction were performed as a func-
tion of bombarding electron beam energy, and Figure 54 shows re-
duction effectiveness versus energy (open circles) for a wet-oxide
t ransis tor .  Reduction effectiveness is defined similarly to produc-
tion effe ctiveness in that it is a measure of the total incident energy
required to reduce 

~L by a certain (constant) amount . The experi-
mental procedure at a given beam energy was to increase 

~L by
bombardment with Vds 5V and then to decrease IL by zero-bias
irradiation . As in the case of production effectiveness (Figure 53),
reduction effectiveness peaks at an intermediate energy,  in this
case about 11 to 12 keY. However , the decrease in reduction effec-
tiveness at higher beam energies is much stronger than in the

125



— I I I I

~0
0

C

ID

• 

- - 10~
1

FIT TO DATA BASED ON

Il ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1O.2~~

WET OXIDE

100 I I I iO~0 10 20 30 40 50
ELECTRON BEAM ENE RGY (keV)

Figure 54. Leakage-current reduction effectiveness (left scale)
vs bombarding electron beam energy for a wet-oxide SOS tran-
sistor. A fit to the data based on the amplitude of the energy
deposition profile at the Si-A1203 interface is shown . Also
shown (upper curve , right side ) is the fraction of energy de-
posited in Al203 based on the profiles of Figures 48 and 49.
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production case which suggests that energy deposition in the sap-
phire is not the governing paramete r in the reduction process .  On
the other hand, an excellent fit to the data is obtained using the ampli-
•tude of the energy deposition profile at the Si-Al 203 interface. This
suggests that electron injection into the sapphire is the dominant leak-
age current reduction mechanism. If traps are distributed within
the sapphire , that conclusion is inescapable . If , however , traps
are locate d at the inte r face , the above finding does not rule out
radiation -induced depopulation as a contributing mechanism.

Having described the energy dependence of the reduction proc-
ess , we now return to consideration of the energy dependence of
saturation leakage current and relative production effectiveness
(Figures 52 and 53). Whereas with zero bias only the reduction
process is operative , under bias both the production and reduction
processes occur simultaneously, the latter coming into play as
saturation is approached. If the former is governed by f (E)  and
the latter by dE/dx (evaluated at the interface),  then both satura-
tion leakage current and production effectiveness should be described
by an appropriate weighting of these two terms . The fits in Fig-
ures 52 and 53 were obtained in this way, and they show the expected
decrease in saturation leakage current and production effectiveness
at low beam energies. Since neither of these sets of data can be fit
based on f (E)  alone and since the fits shown are reasonable, the
model in which trap s are located at the interface appears just  as
tenable as the one seemingly implied by the saturation data , namely
that the traps are distributed.

An additional experiment was performed to examine the reduc-
tion process .  Leakage current induced by means of a relatively
penetrating 30-keV beam was reduced by means of a 12-keV zero-
bias irradiation. Full recovery was observed , which confirms tha t
if hole traps are distributed, electron injection is the dominant
recovery mechanism. Trap depopulation would not result in com-
plete elimination of distributed trapped charge using the less-
penetrating beam.

4.4 DISCUSSION

Results of the present study suggest the following model for
radiation-induced production and reduction of back-channel leakage
current  in n-channel SOS t rans is tors .  Ionizing radiation which
penetrate s into the sapphire substrate generate s electron-hole pairs
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therein. When a drain-to-source bias is applied, a fringing field
exists in the sapphire. ~~ By analogy with phenomena in irradiated
Si02 layers , ~~ we postulate that this fringing field serves to sweep
electrons out of the A1203 while holes are trapped. For the case
of spatially distributed traps , the holes will be trapped very near
their point of generation. If all the trap s are at the Si-Al 203 inter-
face , then the fringing field will drive a portion of the hole s to these
sites where they are trapped. The fraction of generated pairs which
recombines before electron sweepout occurs should decrease with
increasing fringing field ( i .e . ,  increasing Vds ), and thus the density
of trapped holes should also increase.  That is , IL should increase
with Vds in agreement with experiment.~~6 As the dose deposited
in the sapphire increases for a fixed value of Vds, 14 will increase
and reach saturation when all hole traps are filled , or , more gen-
erally, when a balance is reached between trapping and detrapping
events . If irradiation is continued to high doses (~ 106 rads (Si) ),
negatively charged states will form at the Si-A1203 interface which
will serve to reduce 14 below its saturation value .

For a given value of Vds , the f r ing ing field strength decreases
with distance into the sapphire. Hence , under the above description,
the resulting trapped hole concentration would also decrease with
distance into the sapphire under the assumption of a spatial trap
distribution. The present results reveal that the f irst  2 ~m of the
sapphire is the important region in the 14 production process .  How-
eve r , it is not yet cl~ ar whether this depth is determinec~ by a fall-
off in pair generation probability, as governed by the f r inging field ,
or by the rang e of traps in the sapphire . (This could be determined
by repeating the present experiments with different drain b iases.)
After leakage-current saturation is achieved by irradiation to some
high dose with Vds applied , continuing the irradiation with Vds 0
causes 14 to reduce to near its pre -irradiation value . If the traps
are spatially distributed , then the recovery mechanism is injection
of electrons from the silicon into the sapphire where they recombine
with trapped holes. Injected electrons drift in the Coulomb field
of the trapped charge and thus can neutralize hole s trapped some

44
R . A .  Kjar and G. Kinoshita, IEEE Trans.  Nucl. Sci. 20 ,

315 (Dec. 1973) .
45J .R .  Srour , O.L. Curtis , Jr . ,  and K . Y .  Chiu , IEEE Trans .

Nucl . S d .  21, 73 (Dec. 1974).
~

6 J .L.  Peel et al., IEEE Trans.  Nucl . Sci. 22 , 2 185 (1975).
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distance from the interface. If the traps are  located at the inter-
face , then the recovery mechanisms are electron injection and/or
radiation-induced trap depopulation.

38 47 . . 48
Harari , Wang and Royce , and Williams et al. have per -

• formed optical experiments in which radiation-induced leakage cur -
rent in n-channel SOS t rans is tors  was significantly reduced by il-
luminating the sapphire substrate under conditions of zero drain
bias. Recovery under 3.6 eV illumination was ascribed by Harar i
to electron injection from Si into A1103. Wang 47 and Williams48

observe d recovery under 2. 5 eV illumination which was attributed
to photodepopulation of trapped holes. In principle , it is possible
to isolate the depopulation process from the injection process usin g
optical methods. For electron-beam excitation, both recovery
mechanisms are energetically allowed under all experimental
conditions .

Habing and Shafe r
49 observed radiation-induced reduction of

built-up positive charge in the gate oxide of CMOS-on-bulk-silicon
devices when devices previously irradiated under positive gate bias
were further irradiated with zero gate bias . The y postulated ele c-
tron injection from Si into SiO 2 as the recovery mechanism, and
their results appear to be analogous to the present observation of
back-channel leakage current  reduction.

The most attractive phenomenolog ical explanation for diffe r -
ences between the radiation response of wet- and dry-oxide de-
vices was jud ged here to be the existence of a larger trap density
in the dry-oxide case. The only processing difference was the gate
oxide growth temperature and time . EerNisse and Derbenwick5°
have developed a model for the radiation sensitivity of the Si0 2 -Si
system involving interfacial stress. They postulate that produc-
tion of hole traps in the oxide is related to viscous shear flow. It
is not presently clear whether their model could accoun t for
significant hole trap density differences in two Si-A12O3 systems

38 E. Harari, Appl. Phys. Letters 29, 25 (1976).
47 S . T .  Wang and B .S .H.  Royce , IEEE Trans.  Nuci. Sci. 23 ,

1586 (1976) .
48 R A  Williams et al . ,  AFCRL-TR-75-0320 , May 1975.
49 D.H.  Habing and B.D . Shafe r , IEEE Trans.  Nucl. Sci. 20 ,

307 (Dec. 1973).
50 E. P . EerNisse and G. F. Derbenwick, IEEE Trans.  Nuci.

Sci. 23 , 1534 (1976).
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which experienced somewhat different  high-tempera ture treat-
ments (925°C for 60 mm versus 1000°C for 150 mm ). This appears
to be a worthwhile point to pursue since if their model were success-
ful in explaining such differences it then might become clear how
to optimize SOS processing in terms of minimizing radiation-induced
leakage current .

4.5 CONCLUSIONS

Major observations made and conclusions reached in this study
are the following : (a) the same functional dependence of radiation-
induced leakage current on ionizing dose is exhibited for devices
with wet and dry gate oxides; (b) d ifferences in the radiation sensi-
tivity of wet- and dry-oxide devices were attributed to a larger
density of hole traps in the sapphire for dry-oxide devices; (c) the
temperature dependence of leakage current  was attributed to that of
back-channel carrier mobility in all cases except for unirradiated
wet-oxide devices at room temperature and above where thermal
generation dominates; (d) reduction of radiation-induced leakage
current to near its pre -irradiation value can be readily accomplished
by continuing to irradiate a device with Vds = 0; (e) energy must be
deposited in the sapphire before radiation-induced increases in leak-
age current will be observed; (f) energy deposition in the sapphire
bulk (i.e.. , several ~im from the interface) is unimportant in terms
of giving rise to leakage current ;  the region which is effective in
producing such currents extends into the sapphire a distance on the
order of 2 ~im from the interface for a drain bias of 5V; (g) if hole
traps are spatially distributed , injection of electrons from Si into
A12O 3 is the dominant recovery mechanism in the process of
radiation-induced reduction of leakage current .
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SECTION 5.0

MOS HARDENING APPROACHES FOR LOW-TEMPERATURE
APPLICATIONS *

5.1 INTRODUCTION

Various low-temperature applications of MOS devices have
ar isen in the past  few years , includir g amplification , signal proc-
essing, and in f ra red  imag ing . Charge t ransfe r devices (CTDs)
and MOS transistor s are used in these applications at operat ing
temperatures  less than 100 K.  If such devices are also employed
in an ionizing radiation environment, behavior can diffe r appreci-
ably from that for room-tempera ture  operation.  In part icular ,
theshold voltage shifts in i rradiated MOS t ransis tors  (or flatbano
voltage shift s in MOS capaci tors)  are  significantl y larger  at low
tempera tu res  than at room temperature  for devices containing SiO
gate insulators. - The reason for this is that hole s generate d
in th e oxide b y ionizing radiation are relatively immobile at low
temperatures  except when the electric field app lied to the oxide
during i rradiat ion is high ( > 2  x 106 V/cm). 55 At lower f ields ,
those e lec t rons  generated during i rradiation that escape recombi-
nation are swept out of the oxide , leaving behind a trapped hole pop-
ulation which gives rise to large threshold shifts . A hole that does
not recombine at low temperatures is trapped very near its point of
genera t ion .  It is also noteworthy that MOS devices which are

Publishe d in the IEEE Transact ions on Nuclear Science 24 ,
2140 (1977).

51 R.L. Nielsen and D.K. Nichols , IEEE Trans. Nuci. Sci. 20,

319 (Dec. 1973).
52E .  Hara r i , S. Wang , and B . S . H .  Royce , J. Appl. Phys .  46 ,

13 10 (1975).
• 53 H . H .  Sander and B.L.  Grego ry ,  IEEE Trans . Nucl. Sci. 22,

2157 (1975).
54 H . E .  Boesch , J r . ,  F . B .  McLean , J . M .  McGarri ty , and

G.A. Ausman, Jr., IEEE Trans . Nucl. Sci. 22, 2163 (1975).
55 J.R. Srour , S. Othmer , O.L. Curtis, Jr., andK.Y. Chiu,

IEEE Trans. Nucl. Sci. 23, 151 3 (1976).
56 H.E. Boesch , Jr., and J.M. McGarrity, IEEE Trans. Nucl.

Sci. 23 , 1520 (1976).
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radiation tolerant  at room tempera tu re  exhibit significant radiation -
induced changes at low t empera tu res . 55

This section discusses  approache s for reducing the sensi t ivi ty
of MOS devices to low-temperature charge buildup. Included are
anal ytical and experimental results  relating to potential hardening
techniques. Results presented herein should be useful in the de-
velopment of radiation-tolerant MOS devices for low-temperature
applications.

5. 2 HARDENING APPROACHES

The basic effects of total ionizing dose on an MOS device are
charge buildup in the oxide laye r and inte r face state production at
the Si0 2-Si interface.  Both of these effects give rise to flatband
and threshold voltage shifts; additionally,  interface state creation
causes channel mobility reduction in transistors and increases in
dark cur ren t  and tran sfe r inefficiency in CTDs . As mentioned
above , charge buildup in Si0 2 films is significantly more severe
at low temperatures than at room temperature. An understanding
of the basic mechanisms associated with this phenomenon leads
us to suggest  the following approache s to alleviating charge buildup
problems at low temperatures:  (1) carefully select the field app lied
to the oxide; (2 )  ion implant the oxide ; (3) use a thin oxide ; (4) use
an insulating film othe r than Si0 2 . This last item is not pursued
here . Such an approach may prove to be impractical, but it should
be note d that Boesch has observed A1203 films on silicon to be sig-
nificantly more radiation tolerant at low temperatures than their
Si0 2 counterpar t s . 57

The f i rs t  potential hardening approach - - selection of app lie d
field - - arose from the observation that holes are mobile at hi g h
fields in Si0 2 films irradiated at low temperatures.  55 Transport ing
hole s out of the oxide reduces the threshold shift in an irradiated
t rans is tor .  We have explored this concept through expe r iment and
analysis and finding s are presented below . Regarding the approach
of hardening b y ion implanting the oxide , previous data 55 showed
that improved radiation tolerance can be achieved by this method.
In the present wo rk , further analysis of ion implantation effects  is

S SJ . R .  Srour , S. Othmer , O .L .  Curtis , J r . ,  a n d K . Y .  Chiu ,
IEEE Trans.  Nuci. Sci. 23 , 1513 (1976).

57 H. E . Boesch , J r . ,  iEEE Trans . Nucl. Sci . 24 , 2 135 ( 1977) .
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given , including a treatment of the ef fec t  of implantation depth on
oxide ha rdness .  The third hardening approach - - u s e  of a thin
oxide -- is bene ficial for devices operated at room temperature  ~58
This same procedure is also applicable for low-temperature oper-
ation because the total amount of positive charge trapped throug h-
out the oxide decreases with decreasing thickness and therefore
threshold voltage shift will also decrease . 53 We treat  these three
topics in turn .

5 .3  EFFECTS OF APPLIED FIELD

5 . 3 . 1  Experimental Results

Experiments were performed to examine the app lied field de-
pendence of low-temperature  charge buildup in Si0 2 films . Test
vehicle s for this study were MOS capacitors fabricated by Hug hes
Airc ra f t  using procedures  developed by Aubuchon . 59 These Al-gate
devices contained a dry thermal oxide (910 A) on an n-type silicon
substrate (2 to 5 a-cm). Irradiations were performed at both
room temperature  and 77K using the Co 6° source at Nor th rop  Re-
search and Technology Center .  The dose rate for these experiments
was 40 r ads(Si ) / s  as determined by CaF 2 thermoluminescent dosim-
eters. Flatband voltage was determined at several total doses for
each device from in situ capacitance-vs -voltage measurements
made with a PAR Model 410 CV plotte r (1 MHz) .

Figure 55 shows flatband voltage shift at 10~ rads(Si)  versus
voltage app lied during irradiation for a group of identical MOS
capacitors.  Data are shown for 77 K and room temperature and
each data point was obtained from measurements on a s ing le device.
That is , for ty  devices were used to acquire the data . Figure 56
shows similar data after a total dose of 10 rads (Si) for the same
devices represented in Figure 55. For +lOV app lied , the 77K
voltage shift at this dose is a factor of 7 .5  larger than that at room

• temperature.  For an applied voltage somewhat less than or con-
siderably greater than + 1OV , the flatband shift at 77K is signifi-
cantly less than the peak value .

53 H . H .  Sander and B .L . Gregory,  IEEE Trans. Nuci. Sci. 22,
2157 (1975).

58G . F .  Derbenwick and B .L .  Gregory,  IEEE Trans . Nuci.
Sci. 22 , 2151 (1975).

59K . G .  Aubuchon , IEEE Trans . Nuci. Sci. 18 , 117 (Dec. 197 1).
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Figure 55. Flatband voltage shift at l0~ rads (Si) vs applied voltage
for MOS capacitors irradiated at 77 K and at room temperature
at a dose rate of 40 rads(Si ) / s .
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Figure 56. Flatband voltage shift at rads (Si) vs app lied voltage
for MOS capacitors irradiated at 77 K and at room temperature
at a dose rate of 40 r ads (S i )/ s .
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Negat ive  bias results  for the p resen t  devices (n-type s u b s t r a t e )
should be indicative of behavior expected for an enhancc’oent-rn ode
p-c hannel t r ans i s to r .  For this app lication , it is seen that  the oxide
film studied is indeed radiation res is tant  at room tempe ra ture .  At
an app lied voltage of - 1OV , af ter  io 6 ra ds , the flatband voltage
shift is quite small (~ 0. 3V) . On the othe r hand , under the same
conditions the flatband shift at 77 K is 9V , a factor of th i r ty  larger
than at room tempera ture .  The p resen t  data again demonst ra te
that Si0 2 films which are res i s tan t  to ioniz ing radiation e f f e c t s  at
room temperature will experience si gni f icant  charge  bui ldup at low
temp e r a t u r e s .

The rathe r interest ing do uble -hump s t ruc tu re  of l ow- tempera tu re
data in Figures  55 and 56 can be unders tood quali tat ively as follows .
At low f ields ( <2  x i0 6 V/cm) a por t ion  of th e e lect ron-hole  pairs
g enera ted  by radiation in the oxide fi lm r~~cumb ine . Electrons es-
ca ping recomb ination are  swept out while  ~-c ’~1ainin g holes are

frozen in. ’ As the field is inc reased , a h r~~er t r ac t ion  o f elec-
trons escapes recombination leaving an ir re~~sin ~ l y 1ar ~ er  amount
o f un i formly-dis t r ibuted  positive ch a r g e .  T h i ~~ “r e  f la thand shi ft
t~V~ at a g ive n dose increa ses with i n c r e a sin ~ ap~”lied vo lta € ze .  At
higher fields , the holes become mobile which r~~su 1 in less  posi-
t ive charge  in the oxide and thus g ive s r ise to the o ser ved  d e cr e a s e
in with increasing bias.

It is important to note that the high-field data of Fi g u r e s  55 and
• 56 are only applicable to the case o ’ a relatively low s tead y-s ta te

ionizing dose ra te and do not apply at early time s following pulsed
bombardment. This point is made clear in Figure 57 where the
f rac tion of genera ted  holes collecte d at time t af ter  an ionizing
burst  (10-~is pulse of 5-keV e lec t rons)  is plotted versus tempera-
ture for several value s of t . (Information in Figure 57 is based
on data in Ref.  55 .)  The data shown are for a relatively hi gh value
of applied field (4 x io 6 V/cm). At 90K , very few holes have been
transported to the electrodes at early times following the burst and

• thus ~~~ will be large for high doses. At t= 10 sec , a significant
amount of hole transport has taken place so ~~~~ will be significantly
less than at early times. The data of Figure 55 were obtained afte r
a 42 -mm irradiation and therefore  considerable hole t ranspor t  oc-
curred at high fields during bombardment.

55 J . R .  Srour , S. Othmer , O . L .  Curtis , J r . ,  a n d K .Y .  Chiu ,
IEEE Trans. Nucl. Sci. 23, 1513 (1976).
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Figure 57. Fraction of generated hole s collected in an MOS
capacitor at time t following a pulse of ionizing radiation at
various temperatures .  (Information shown here is based on
data in Ref. 55.)

5 . 3 . 2  Analysis of Applied Field Effects

A quantitative framework for describing the data in Figures 55
and 56 is now presented. As a starting point , we assume for an MOS
capacitor (unimplanted) in an ionizing radiation environment that all
electrons generated in the oxide which escape initial recombination~
are swept out, leaving behind trapped holes. Consider an oxide
layer of thickness tox in such a device. If a uniform trapped hole
concentration p exists throughout the oxide , the resulting flatband
shift is given by

Initial recombination is usually taken to be synonymous with
geminate recombination. In a given situation, columnar (or “ t rack”)
recombination may also be important (see Refs . 60 and 45). We
use the term “initial” loosely here to denote the dominant recom-
bination me chanism at early time s following pair generation .

45
J .R .  Srour , O.L.  Curtis , Jr . ,  and K . Y .  Chiu , IEEE Trans .

• Nucl. Sci. 21, 73 (Dec. 1974).
55 J .R .  Srour , S. Othmer , O.L.  Curtis , J r . ,  and K . Y .  Chiu ,

IEEE Trans. Nucl. Sci. 23, 151 3 (1976).
60 R.C. Hughes, IEEE Trans. Nucl. Sd. 18, 281 (Dec. 1971).
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If initial recombination of hole s is neg lected , the total positive
charge density generated by ionizing radiation can be calculated
by assuming 18 eV/pair (translate s to 7 .9  x 1o 12 pai rs /cm 3rad

• for Si02). Then , in terms of ionizing dose y in rads(S~ ), the
quantity P in coul/cm 3 can be expressed as 1 .26 x 10~ ° y.

2 
Flat-

band voltage shift in Eq. ( 1) is then given by 1.82 x 10 Ytox volts ,
where t is in cm.

ox
Hole motion is now taken into account. The following simple

model was considered first. At t 0, electron-hole pairs are
generated uniformly in the oxide . At t = 0~ , a portion of those
pa irs have alread y recombined and all of the remaining electrons
are swept out , leaving a uniform ‘ f rozen-in ” hole distribution.
For hig h app lied fields ( > 2  x 10 6 V/cm), hole t ranspor t  occurs . 55
At such fields , initial recombination is negligible (discussed be-
low) and thus all generated hole s remain in the oxide at t = 0 +. In
this simple mode l, the entire distribution of hole s is assumed to
move uniformly throug h the oxide . For example , under posi t ive
bias the hole population move s a “transport  distance ” dt t~ ward
the Si0 2 -Si interface in a time t 1 .

The model described above was pursued and found to be un-
satisfactory in accounting for the data of Figures 55 and 56 . Specif-
ically, in determining those values of t ranspor t  distance dt re-
quired to fit AVm da ta , it was found that both the magnitude of d t
at a g iven field and its functional dependence on applied field dis-
agreed significantly when results for positive and negative bias
were  compared. This physically unrealistic result led us to em-
pioy a more meaning ful model in which a distribution of hole mo-
bilities is taken into account . That is , at a given time following
carr ier  excitation the more mobiles hole s have been swept out of
the oxide while their less mobile counterparts remain there until
some later time . Such a viewpoint is consistent with both the
multiple-trapping model 55 , 6 1 and the CTRW model 23 ’ 54 of charge
transport in Si02.

23 F .B .  McLean , H .E .  Boesch , Jr . ,  and J .M.  McGarri ty,
IEEE Trans. Nucl. Sci. 23, 1506 (1976).

54 H.E .  Boesch , Jr . ,  F.B.  McLean, J.M. McGarrity, and
G.A.  Ausman , J r . ,  IEEE Trans . Nucl. Sci. 22 , 2163 (1975).

55 J .R.  Srour , S. Othmer , O .L .  Curti s, Jr . ,  and K . Y .  Chiu ,
IEEE Trans . Nuci. Sci. 23, 151 3 (1976).

61 0.L. Curtis , Jr., and J .R .Srour , J. Appl .Ph ys . 48, 3819 (1977) .
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Figure 58 illustrates this more realistic t ransport  model.
Shown is an MOS capacitor with a charge density p,  dependent on
distance x , superimposed on the oxide . The solid line depicts the
charge distribution at a particular time afte r excitation and we
characterize this distribution in terms of a transport  distance dt
as in the simple model. Howe ver , dt is now defined differently as
shown in the figure . Additionally, it is assumed that when dt = t0 /2 ,
then p is equal to its maximum value p 0 only at the S102 -Si inter-
face . That is , the “slope ” of the charge distribution is assumed
to remain constant as charge is swept out of the oxide . The solid
line in Figure 58 corresponds to a value for d~ less than t0~~/2 .
Also shown for illustration (dashed) are two other cases: d

~ 
= t~~~/2

and dt > t0~~/2 .

Expressions for flatband voltage shift in terms of transport
distance for the model depicted in Figure 58 are now given. Under
an app lied positive bias , for dt ~ t0~~/2:

-.ø-A,-—--AQ Si02 4’i Si __
~~,_..

I / ,  \%,~‘, I
C~~) I

+ ,I I
/ 1  I /

0 ’  I I /
0 dt 2dt t~~

DISTANCE x

Figure 58. illustration of a more realistic model for hole motion
at high fields and low temperatures in Si0 2 (positive bias case).
Shown are three hole distributions corresponding to three value s
of transport distance dt .
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For the case of an applied negative bias , the hole distributions are
of the same form as those in Figure 58 except that now we define
d in te rms of distance from the SiO -Si interface . For d ~ t /2 ,

t . 2 t ox
we obtain
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Equations (2) throu g h (5) can be viewed as yielding the temporal
dependence of tsV~ since dt is a function of time following bom-
bardment. For a fixed time following bombardment, variations in
dt can be obtained by applying different values of field to a set of
samples irradiated and measured under otherwise identical conditions .

As mentioned previously, 55 a complication arises when com-
paring expected and measured flatband voltage shifts at low tem-
peratures for doses greater than “ l 0~ rads (Si). At such doses, the
oxide field will be perturbed due to the substantial charge buildup
that exists . This perturbation is manifested as a decrease in field
near the metal-Si02 interface and an increase in field near the Si02-
Si interface . In the increased field re~ ion, hole transport will occur
if the field there is greater than 2 x 10° V/cm. In the decreased
field reg ion , more initial recombination of generated electron -hole
pairs will occur . Flatband voltage shifts will be reduced by both of
these mecha~ isms relative to value s expected on the basis of a uni-
form field throughout the oxide . Hence , in analysis of the present

55J .R.  Srour , S. Othmer , O.L. Curtis , Jr . ,  a n d K . Y .  Chiu ,
IEEE Trans. Nucl. Sci. 23, 1513 (1976).
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experimental results we only treat data obtained at l0~ rads (Si)
(Figure 55) in an attempt to avoid these complications. (Calcula-
tions by Boesch and McGarrity~

6 for an oxide of thickness simi-
lar to that utilized here indicate non-negligible field modification
at l0~ rads(Si)  for a device irradiated at 80K with a 1OV bias.
Assuming that their calculations apply quantitatively to the present
experimental conditions , it still appears  likely that the predicted
field perturbation for this dose would not significantly alter con-
clusions made below which are based on data fitting with the model
of Figure 58.)

Analysis of low-temperature flatband shift versus applied volt-
age data in Figure 55 was performed using Eqs. (1) through (5).
At l0~ rads(Si)  for an oxide thickness of 910 A , Eq. (1) yields ~~~ =

l 5 .ZV.  That is , the maximum predicted value of ~Vth is l 5 . Z V
and this value should result when all holes generated in the oxide
at l0~ rads are trappe d without being transported and all generated
electrons are swept out . Measured AV~~ arises from holes trap-
ped in the oxide and the amount and distribution of these trapped
charges can be attributed to two field-dependent e ffects . First , the
number of holes available for contributing to AVm depends on the
amount of initial recombination that has occurred.  That is , the
dependence of electron yield on applied field is important . As yield
increases , ~~~~ increases. Second , at high fields holes are trans-
porte d out of the oxide , thereby reducing ~~~~~

56Boesch and McGarrity determined the field de pendence of
electron yield~’ for MOS capacitors irradiated at 80K by measuring
~~~ at early times following pulsed excitation (4-ps pulse of 13-
MeV electrons). For fields > 2 x i0 6 V/cm , they observe d a nearly
saturated yield corresponding to sweepout of nearly all the elec-
trons generated.  At such fields , apparently all generated electr on s
escape initial recombi.nation and are swept out of the oxide . For

*For MOS capacitor s irradiated at low temperatures, we prefe r
to ascribe the increase in AVLb with field to an increase in “electron
yield” since the numbe r of electrons escap ing recombination and be-
ing swept out of the oxide increases with field. One could also de-
scribe the same situation in terms of “hole yield” since the number
of trapped holes also increases with field (except at high fields) and
gives rise to increases in ~~~~ Boesch56 used the latter
nomenclature.

56H. E. Boesch, Jr., and J.M. McGar rity, IEEE Trans. Nuci.
Sci. 23 , 1520 (1976) .
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Figure 59. Transport  distance vs applied field based on calcula-
tions using the model illustrated in Figure 58.

this reg ime , ~~~~ can be attributed to the entire generated hole
population modified by t ransport  according to the model of Figure 58.

An iterative procedure was used in conjunction with Eqs. (2)
and (5) to calculate t ransport  distance dt based on measured value s
of ~Vth at l O~ rads (77K data of Figure 55). Figure 59 shows results
of these calculations in terms of dt versus oxide field . For fields
> 3 x 10~ V/cm , positive and negative bias results are in good agree-
ment . As mentioned above , such agreement is expected for a physi-
cally meaningful model. These high-field results are fit reasonably
well with a unity-slope line . At lower fields , deviation of the cal-
culated points from this line is due to the influence of electron yield .
That is , Eqs. (2) through (5) assume that all generated electrons
have been swept out which is not the case at lowe r

2
fields . The unity-

slope fit yields dt =k E , where k = 1.5 x lO~~-~ cm V~~~. This ex-
pression was then used to fit positive bias flatband shift data . Equa-
tions (2) and (3) were utilized to obtain an appropriate charge trans-
port curve and the result is shown in Figure 60 . The next step was
to empirically fit a yield-vs-field curve to the low-field data . The
criterion employed was to obtain a curve that, when considered
simultaneously with the charge transport curve, would yield a good
composite fit to the experimental data . The resulting curve is shown
in Figure 60 along with the composite fit (solid curve). (To obtain
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Figure 60. Flatband voltage shift at 77K vs oxide field for the case
of an applied positive bias. Result s of data fitting using the
charge transport model of Figure 58 in conjunction with a
yield-vs -field component are shown .

this fit , the charge transport curve is multiplied by the yield-vs-
field curve normalized to its saturation value.) By considering the
charge-transport  and the yield-vs-field mechanisms jointly, an
excellent fit to the applied field dependence of flatband voltage shift
at 77K is obtained.

The same fitting procedure was also applied to negative bias
data . A charge transport curve fit the highest-field data but de-
viated from the data at intermediate fields . Reducing k to 1. 4 x
1012 improved the transport  fit somewhat. A rather severe linear
yield -vs-field curve was required , in conjunction with either of
these transport curves, to obtain a fit for data at fields < 2 x
106 V/cm. A composite fi~ exhibited a good fit to the data for fields
~ 106 V/cm and > 3 x 10 V/cm. The peak of the composite fit oc-
curred at a somewhat lower field than exhibited by the data . Al-
thoug h the general features of the negative bias data are well de-
scribed by the modeling approach employed , the fit obtained was not
as good as that for positive bias .
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The influence of an initial t ranspor t  distance d0 on the data
fitting procedure was considered. Boesch and McGarrity 56 observed
that initial flatband shifts at 80K dif fered slightly depending on the
polarity of the applied bias. They account for this observation in
te rms of an initial t ransport  of holes in the valence band subsequent
to thermalization but before the f i rs t  capture event . It seems rea-
sonable to expect that d0 will vary direct ly with applied field and
thus correspond to an initial Schubweg. Treated in this manner , d0
was found to have neg ligible effect on the fitting procedures used here
for positive bias data . For negative bias , an initial Schubweg has
an important e f fec t .  Howeve r , such a modification to the fitting pro-
cedure actually caused the fit at high fields to be worse than without
this correct ion.

It is of interest to compare the yield -vs-field curve in Figur e 60
with previous findings. Figure 61 shows this curve along with that
obtained by Boesch . 56 The shape of the two curve s is near l y the
same and excellent agreement is noted for fields ~ 2 x 106 V/cm.
This agreement supports the validity of the present modeling approach.
Boesch obtained the solid curve of Figure 6 lb y measuring ~Vth
shortly (~~1 ms)  after a pulse of ionizing radiation . At such time s ,
the dependence of ~Vfb on applied field follows the electron yield-vs-
field curve because hole transport is negligible . At much later times ,
or in a steady-state ionizing radiation environment, data such as that
in Figures 55 and 56 are obtained.

It is perhaps surprising that t ransport  distance was observed to
depend linearly on field for data of both polaritie s in Figure 59. Such
a dependence yields an effective hole mobility that is independent of
field . To obtain a rou gh estimate of mobility, a characteristic time
of 2 1 m m .  ( i . e . ,  one -half the time it takes to delive r lO~ rads at a
rate of 40 rads/s ) was assumed. From Figure 59, d(d t )/dE  = k 1 =
1.5 x l0~~

2 cm2V~~ , which yields an estimated mobility of
~ lO 15 cm2/Vsec. This observation is in contrast to previous re-
sults 55,61 in which mobility was noted to depend on E’ at intermedi-
ate temperatures and on E ’3 at low temperature (90 K) .  However ,

55 J . R .  Srour , S. Othme r , O . L.  Curti s , J r . ,  a n d K . Y .  Chiu ,
IEEE Trans .  Nucl. Sci. 23 , 1513 (1976) .

5 6H . E .  Boesch , J r . ,  and J . M .  McGarri ty,  IEEE Trans .  Nucl .
Sci. 23 , 1520 (1976).

6 1O . L .  Curtis , J r . ,  and J .R .S rou r , J . Appl. Phys.  48 , 3819
(1977) .
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Figure 61. Fractional yield vs oxide field for the present  study
(from Figure 60) and for that of Boesch and McGarr i ty .~~6

mobility was derive d in a d i f fe ren t  manner than in the cited work .
In the present case , a quantity related to carrier transport was
measured at a fixed time following bombardment whereas in pre-
vious determinations a fixed amount of t ransported charge was used
as the basis for evaluating mobility . We have found that evaluating
f ield-dependent t ransport  data by these two methods can yield sig-
nif icantly d i f ferent  results and this feature may be responsible for
observations of a field -independent mobility in one case and a strong
field dependence in other cases. The fact that test specimens used
in the present  study were different  from those employed in previous
work may also be important . The most important observation to
be made , however , is that the reg ion of apparent linearity in Fig-
ure 59 is fairly na r row.  At low fields the dependence of carr ier
yield on app lied field is imporant and at high field s saturation of dt
is expected. These two e ffects possibly mask a nonlinear depend-
ence of t ranspor t  distance on field and , thus , a field-dependent
mobility .

5 6H . E .  Boesch, J r . ,  and J . M .  McGarr i ty,  IEEE Trans .  Nucl .
Sci. 23 , 1520 (1976).
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5 .4  EFFECTS OF ION IMPLANTATION

A reasonable approach to reducing the effects of positive
charge  buildup in Si02 films i r r ad ia ted  at low tempera tu res  is to
in t roduce  elec t ron  t raps  for compensation. Electron (and hole )
t raps can be introduced into Si0 2 by ion implantation 62 and we h ave
previously examined charge buildup at 7 7 K  in an Al +~imp 1anted
spec imen. A factor of two improvement  was observe d compared
to an unimplanted device. The implan ta tion employed was not opti-
mum since t raps  were  on ly introduced into that half  of the oxide
nea re r  the Al-Si0 2 interface . Analysis of ion implantation e f f ec t s
is prese nted here  which is usefu l for defining optimum s t ru c t u r e s
and for predict ing low- tempera tu re  radiation r e sponse .  (This
ana ly sis is an extension o f previous  wor k 62 to low- tempera tu re
condi t i o n s . )

Cons ider an MOS capacitor with an ion-implanted oxide. We
deno te the implantation depth as d~ (measured f rom the metal-SiO )
in te r face)  and the region between this inte r face and d~ is assumed
to be uniformly damaged , i.e., to contain a uniform trap concen-
t ra t ion .  The mean electron range (Schubweg) We in the implanted
zone between the metal-SiO2 in ter face  and d m is given by 

~e ~e E ,
wh ere  

~e and Te are  mobility and li fetime , r e s pe ct ive ly, and E is
applied electric field. It is assumed that at low temperatures  all
hole s generated in the oxide by ionizing radiation in both the im-
planted and unimplanted zone s are  immobile . All electrons gen-
erated in the unimplanted zone ar e as sumed to be completel y swept
out of that reg ion , either into the implanted zone or into the silicon
depending on the polarity of the app lied bias.  The case of a posi-
ti ve bias applied to the metal electrode is considered here .

Electrons generated in the implanted region will mo ve an aver-
age distance We toward the metal electrode be fore being perman-
entl y t rapped.  Thu s , the average position of these t rapped elec-
trons is a distance (d m - We )/ 2  f rom the metal-Si0 2 inte r face .
Electrons generated in the unimplanted reg ion of the oxide will be
swept toward the implanted zone and move an average distance W e
into this region before being permanently t rapped.  The average

• position of these trapped electrons is a distance d~ 
- W e f rom the

55 J . R .  Srour , S. Othme r , O.L .  Curti s , J r . , a n d K . Y .  Chiu ,
IEEE Trans .  Nuci .  Sci. 23 , 1513 (1976).

62 0.L.  Curtis , J r . ,  J . R .  Srour , and K . Y .  Chiu , IEEE Trans .
Nucl . Sci. 22 , 2174 (1975 ) .
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metal-Si0 2 in t e r f a c e .  Thus , elect rons  t rapped at two average
posit ions in the imp lan ted reg ion will compensate for a portion of
the positive charge which , by assumption , is t rapped un if o r mly
throughout the oxide .

It is of in teres t  to compare expected flatband voltage shift s
for implanted and unimplanted MOS capaci tors .  For an unim-
planted unit , the average position of the trapped positive charge
is at t0~~/2 .  For an implanted sample , the two contributions to
L~Vp~ f rom tr appe d elec tr ons a re  subt rac ted from the t rapped hole
co ntr ibution.  In addition , d i f f e ren t  f rac t ions  of the total amount
of nega tive charge generated are trapped at the two average posi-
tions . It can be shown that the ratio of flatband voltage shift s for
implanted and un implan ted spec imens is g iven by

AV (imp lanted) /d . - w ~ /d . + tu
fb =~~~_ f  1 e~~ a _ I ’  e 6t~V (unimplanted) t 

/ 
tfb ox ox

Equation (6) relates the expected reduction in ~~~~ accom-
p lished by implantation to both the Schubweg in the implant ed zone
and the imp lantation depth . In order  to per form example calcula-
t ions , a value for ui is needed.  Previous work 62 y ielded a ~L T
va lue at room tem~ :ra ture of ~ 2 x io 12 cm 2V~~ for the implanted
zone of 20-keV Al -implanted specimens (fluence = 10 15 cm 2 ).
For an app lied field of 106 V/cm , this value translates to a value
for W e of 200 A . We assume that We is temperature independent
and thus that the P e Te value obtained at room temperature can be
app lied at low tempera tures .  The pr imary  temperature depend-
ence expec ted is that of capture cross-sect ion and this considera-
ti on is neg lected here  for simplicity. Figure 62 presents  results
of calculations performed using Eq. (6).  The quantity 

~Vth (im-
p lan ted/ ~~V~~(unimp lanted) is plotted versus implantation depth for
three values of We and an oxide thickness of 1000 A . The We valueof 2 00A was chosen to be representat ive of conditions for a field
cf io 6 V/cm and an implantation fluence of i0 15 cm 2. The lower
va lue s of we were  selected to examine the expecte d effects  of higher
fluences ( i . e . ,  shorter electron Schubweg). The intuitively ob-
vious results were  obtained: increasing the ratio of implantation
depth to oxide thickness and/or reducing the electron Schubweg

Curtis , Jr., J.R. Srour , and K.Y. Chiu, IEEE Trans.
Nucl.  Sci. 22 , 2174 (1975).
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• reduces ~~~~ for an implanted specimen relative to that for an un-
implanted unit . For example , implanting ions to a dep th of 800A
at such a fluence to cause we to equal ZO A is predicted to reduce

~~~~ by a factor of 13.

As the applied field is increased , we will increase with the
• resul t  that a larger fraction of the electrons generated escape being

t rapped in the implanted zone . This e ffe ct will diminish the degree
of compensation of trapped positive charge . However , as discu ssed
above , hole s are mobile at hig h fields in unimp lanted Si0 2 fi lms at
low tempe ra tures .  In a more complete analysis of charge compen-
sation and charge buildup in implanted specimens at low tempera-
tu res , one should consider motion of hole s out of the unimplanted
zone into either the silicon sub strate or into the implanted region ,
depending on the polarity of the app lied bias. In addition to neg lec-
ting hole t ranspor t , initial recombination of generated electrons
and hole s was not considered in the above discussion. The assump-
tion was made in previous work 62 that ion implantation has no ef-
f ect on the processes  of generation and initial recombination of
electron-hole pairs , and that same assumption was made here in
developing Eq. (6).

5 . 5  EFFECTS OF OXIDE THICKNESS

The degree  of radiation tolerance achievable at low tempera-
tures by reducing the oxide thickness is now considered. Decreasing
t0~ increases the oxide field for a constant applied voltage. Thus,

is reduced in two ways: (1) the total number of holes generated
in the oxide decreases; (2) charge transport increases. Sander and
Gregory ~~ observed threshold voltage shift to vary as t~~ for a set
of MOS transistors irradiated at 76 K. The model they used to ac-
count for this observation is that which leads to Eq. ( 1) .  The pres-
ent work reveals that for high applied fields this simple model is
inadequate since significant transport of holes out of the oxide oc-
curs. Equation (1) give s the maximum flatband shift (~ V W) that
can occur at a given dose for a fixed oxide thickness and this max-
imum results when all electrons generated are swept out and no
recombination occurs .  Equations (2) through (5) can also be re-
written in terms of ~~~~~ Additionally, trans port distance dt is

53H.H.  Sander and B .L .  Gregory ,  IEEE Trans . Nuc i .  Sci. 22 ,
2157 (197 5) .

62 0 .L.  Curtis , Jr., J.R. Srour , andK.Y. Chiu, IEEE Trans.
Nucl.  Sci. 22 , 2174 (1975).
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• g iven by kE (Figure 59) . Also , E = V/t , where V is applied
voltage . Thu s , dt = kV/ tox and Eqs . (2) and (3) can be rewri t ten

- AV~~ 
8 (ky) 3

fb 
~~~~ 

3 t6 
( )

ox

for d � t /2  (or t ~ (ZkV) 1/2 ), andt ox ox

- ~~~~ 
(4 

~ 
(ky) 2 

+ 
8 (ky) 3 

8fb ( )

for dt � tox /2 (or t0~ � (ZkV) 1/2 ). These expressions contain
both the thickness and app lied-field dependences of low-temperature
flatband shift .

When applying Eqs . (7) and (8), it should be noted that all hole s
have been transported out of the oxide when d = t . This condi-
tion can also be expressed as tox = (kV) l / 2 , ther~~~y g iving a min-
imum value of tox for which (7) and (8) apply. Figure 63 shows
results of calculations using these equations and Eq. (1) .  The solid
curve corresponds to the maximum shift attainable for oxide thick-
nesses  from 300 to 9 0 0A after  10~ rads(Si) .  The dashed curves
correspond to various value s of app lied voltage and these curves
reveal the reduction in ~V~-10 that occurs due to hole t ranspor t .

An exa mple will illustrate the effe ctiveness of reducing tox
in increasing radiation tolerance. Consider calculations for 900 A
and 450A oxides in Figure 63. The maximum shifts are 14.7 and
3.7V for these cases , respectively, and this reduction is due to
the t~ x dependence of ~~~~~ The reduction in charge buildup is
much more dranatic when a field is applied. For lOV app lied ,

• the predicted reduction in AV~~ due to hole transport is insignii-
cant ( 14.7V reduces to l4 .5V~ at 900 A. Howe ver , at 450 A, the
maximum shift of 3 .7V is predicted to be reduced to O.82V .  Thus ,
the present calculations indicate that for an applied voltage of 1OV ,
reducing tox from 900 to 450 A will decrease ~~~~ by a factor of
-‘~l8. If reliable thin (~~ 5 O O A )  oxides can be fabricated for use at
applied voltages ~~‘ 1OV , then it appears that low-temperature
charge buildup problems will be largely eliminated in a steady-state
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ionizing radiation environment. However , this hardening approach
will not be nearly as e ffective at earl y time s following pulsed bom-
bardment. For that case , the reduction in ~Vth that results  when
t0~~ is reduced will follow the solid curve of Figure 63.

5.6 SUMMARY AND CONCLUSIONS

We have found that the applied field dependence of flatband
voltage shift in MOS capacitors i rradiated at 77K can be accounted
for in te rms of the field dependence of electron yield and the trans-
port of holes at high fields . Analysis of ion implantation ef fec ts
indicate s that a significant improvement in radiation tolerance
should be achievable at low temperatures  by this method. A simul-
taneous consideration of the effects of oxide thickness and app lied
field on charge buildup in an unimplanted oxide suggests  that re-
ducing tox to ~~5O0 A will largely eliminate low-temperature prob-
lems in a s teady-state ionizing radiation environment as long as
the app lied voltage is ~ b y .  If such conditions prove to be im-
practical , then ion implantation may be a valuable hardening pro-
cedure.  Use of a thin oxide with a relatively high app lied field
appears to be a more attractive approach to realizing hardened
MOS devices for low-temperature applications in a stead y-s ta te
environment .  At early time s following pulsed bombardment , this
approach will not be as effective .
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SECTION 6 .0

DETERMINATION OF THE DIFFUSION LENGTH AND
DRIFT MOBILITY IN SILICON BY USE OF A

MODULATED SEM BEAM*

6 . 1  INTRODUCT ION

The parameters  of minori ty-carr ier  diffusion length and drift
mobility are of importance in all semiconducto r devices relying on
minor i ty-carr ier  conduction , such as .bipolar t ransistors  and solar
cells .  When minority car rie rs  are locally injected into a semi-
conductor , the spatial distribution is governed by the diffusion
length and the temporal decay by the lifetime . These quantitities
are  re lated by the drif t  mobility. The lifetime in silicon is found
to be extreme ly sensitive to material imperfections and the con-
centration of certain impurities.  For example , these factors may
limit the efficiency of solar cells in that the effective collection
volume for generated carriers is given by the diffusion length .
Currently, efforts  are underway to develop te chnolog ies for low-
cost silicon sola r cells for te r rest r ia l  applications. The large
cost reduction required compels the use of silicon which is con-
siderably less ideal than that employed in space cells . The mate-
rial may be marg inal in diffusion leng th , nonhomogeneous or even
polycrystalline . In such material, the drift mobility may diffe r
from that expected in high-grade silicon and therefore needs to be
characte rized in addition to lifetime or diffusion leng th. If life-
time is measured , moreover , the drift  mobility is required to
determine the equivalent diffusion length . Since drift  mobilities
are difficult to obtain experimentally, particularly in materials of
short diffusion length , Hall measurements of mobility are gener-
ally relied upon. The measured quantity here is the majority -
car r ie r  mobility . Moreover , such measurements lead to erron-
eous conclusions in the presence of the type of inhomogeneities
expected to characterize low-grade silicon . A direct determination

*

The original research upon which this section is based was
performed under previous HDL contracts (DAAG39-73-c-ol7l  and
DAAG39-69-C-Oo39~. The review of that work given here was pre-
pared during tije present contract pe riod and presented at the 1978
Scanning Electron Microscopy Symposium .
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of minority - ca r r i e r  dr i f t  mobility would the re fo re  be of in te res t .
In the technique discussed here , both diffusion length and d r if t
mobility may be determined.

Anothe r problem to which the present  methods are applicable
is the degradation of bipolar t ransis tors  unde r energetic neutron
bombardment . In the case of microwave (narrow básewidth) tran-
sistors , for example , dec r ease in drift mobility with fluence may
be determinative . This occurs at such high fluences that the dif-
fusion length will have degraded to the order  of a few ~m , requiring
the determination of t ransport  properties within spatial resolution
of this o rde r .

The conventional method of measuring the drift  mobility is the
Haynes-Shockley 6

~ technique in which the t ranspor t  time of a pulse
of minority car r ie rs  is monitored under application of a known
field . The degradation of dr if t  mobility in germanium under neu-
tron bombardment has been studied in this manner.6~ The method
is difficult to implement for material of short diffusion length ,
howe ve r , and the alternative approach proposed here , which may
be regarded as a cw-equivalent of the above pulse technique , is
more suitable to this case. A modulated SEM beam is employed
as a source of minority carr iers  and a planar junction as a collec-
tor of these carriers. Injected carriers are swept toward or away
from the junction by mean s of an applied field and changes in si gnal-

• delay per unit field are used to derive the mobility.

Since the above technique requires special sample geometries
and unusual experimental facilities , it is not likely to find wide
application . Comparison of the above method was the re fo re  made
with field-free methods of determining the drift  mobility which
could readily be performe d elsewhere.  These methods are based
on the fr equency dependence of the observed diffusion leng th and
measurement of the diffusion ve locity . Such measurements yield
both the diffusion length (L) and the lifetime (T),  which are related
by the equation

L = J ~~~~, ( 1)

• 6
~~J . R.  Haynes and W. Shockley, Phys. Rev. 81, 835 (1951 ) .

64 A.A.  El-Difrawi, T .H .  Yeh , and J .E .  Christopher , J.
Appl . Phys.  47 , 272 (1976).
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where D is the diffusivity . The mobility (
~

) and diffusivity are in
turn related by the Einstein relation

eD = ( ikT .  (2)
Approximate agreement among these various methods was found,
and on this basis an experimental procedure is given here for the
measurement of both the bulk diffusion length and the drift  mobility.

6 .2 EXPERIMENTAL PROCEDURE

The measurement of drift  mobility was performed using a
Jeol JSM-2 scanning electron microscope modified to permit
intensity-modulation of the beam by deflection past an aperture.
Signal recovery of the phase and amplitude information was by
means of a network analyzer .  The experimental design is illus-
trated schematically in Figure 64. A signal generator (HP8601)
furnished the deflection signal as well as a phase and amplitude
reference for the network analyzer (HP8407), permitting

25 keV i-BEAM

20 db
COUPLER

PHASE SHIFT (R R E F E R E N C E  
8407AN 

NETWOR K A NAL YZE R

0 TEST A MPLITUDE PHASE
?ILT~FJR

AI 
SOmV/db lOmV/o

Figure 64. Schematic diagram of apparatus for narrowband signal
recove ry of the modulated beam response in amplitude and
phase .
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measurements in the range of 100 kHz to 110 MHz.  The deflection
signal is amplified by a 0. 5W broadband amplifie r and applied to
a resonant deflection structure.  A dc bias is also applied to the
deflection plates to yield 50% duty cycle . The deflection plates are
0.5 x 2-in. microstrip substrates placed in the drift space beneath
the anode. They were placed as far apart as possible to minimize
interference with the beam. Deflection to cut off a 25-kV beam
therefore  requires some 200 volts . The plate s are permanently
left in place and do not interfere with conventional operation of the
SEM .

The sample holder was provided with a MOSFET preamplifier
of 46 dB gain and the sample stage furnished with minature 5O-~
coax to the chamber wall . Further amplification is provided out-
side of the SEM . To increase the dynamic range beyond the limit
imposed by the lO-kHz noise bandwidth of the network analyzer , a
crystal filter was interposed to yield a 10-Hz noise bandwidth.
This introduced a phase slope of 90° between 3-dB points , neces-
sitating the fr equency stabilization of the signal generator , which
was characterized by 100 Hz of incidental frequency modulation .
A crystal-stabilized oscillator was used to phase-lock the signal
generator. Resultant phase noise was then on the order of 0.30.
(Network analyzers  are now available with receiver bandwidths of
10 Hz , which obviates this complication.)

With the sensitivity a fforded by the crystal filte r , it was found
that residual pickup limited the dynamic range . In excess of 200 dB
of isolation was required between the drive and output circuitry.
The residual pickup was simply cancelled b ,r means of a signal de-
rived from the generator , suitably phase-shifted and attenuated.
The phase and amplitude were iteratively adjusted to minimize the
amplitude of the observed signal and to obtain a random phase
characteristic of pure noise , while the beam current  was turned off .

Application of the drift  field to the sample was by means of a
pulse gene rator and inverter , which could be adjusted to yield a
balanced wave form at the junction position. A small (several kT /e )
reverse bias was applied to the junction to reduce the junction
capacitance and to make it a more ideal “sink ” for minority car-
riers , insensitive to small bias transients . A typical sample is
illustrated in Figure 65. The 3 C~-cm phosphorus-doped chip is
furnished with two barge electrodes for application of the field, and
with six diffused junctions (of 1-p.m depth) in the central area. Two
of the junctions are l -rnil x 2O-mil (under the long metalli A~at ion
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Figure 65 . Silicon chip mounted on LSI package for mobility
measurement .

f ingers) ,  and four are i -mu x 1-mu (at the ends of the in t e r -
mediate -length f i n g e r s ) .  Seven ohmi c contacts a re  prov ided at the
ends of the small f ingers  for potential prof i ling . One of the bond-
ing pads is furnished with small f ingers  for calibration of the mag-
nification fac tor .  The chip is mounted on th e insulated subs t rate
of an integrated circuit package.

6 . 3  EXPERIMENTAL R ESULTS

Preliminary to the determinat ion of mobility , the diffusion
length was measured under ac-exci tat ion condit ions by r eco rd ing
the amplitude response as the beam was swept in a d i rect ion  nor-
mal to the junction per iphe ry .  Modulation f requencies  ranged
from 30 kHz to 10 MHz.  (The 30 -kHz data w e r e  taken with an
Ithaco 353 logarithmic phase -sens i t ive  d e t e c t o r . )  Data obtained
at 1 MHz are  illustrated in Figure 66 where results  are  shown for
a sweep across  one of the j u n c t i o n s .  The phase response is also
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• Figure 66. Amplitude and phase response to a 1-MHz modulated
beam as the beam is scanned in a direction normal to the
jun ction peripheries.
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g iven . A 25-keV beam was used. This energy represented a com-
promise between considerations of ease of deflection and depth of
penetration , which governs the imporance of surface effects .
Beam current was held to less than 30 pA to minimize the volume
over which high-injection conditions prevailed (i . e . ,  where the
excess carrier concentration was sufficient to modulate the local
conductivity). Since the pair creation energy in silicon is approxi-
mately 3 .65 eV, each 25-keV electron generates on the order of
7000 carrier pairs, so that high-injection conditions certainly
prevail within the energy deposition volume .

An analytical expression for the phase and amplitude response
for excitation at ang ular frequency w has been given by McKelvey
for the one -dimensional case: 65

V(x , w) V(O , w )  ex~~(_ ~~~~~) 
ex~~( 

-i j~~~~ ‘flw ) ) (3)

where x is the distance of the point of injection from the junction .
Here L(w) is the ac diffusion length , related to the dc diffusion
length L(0) by the equation

1/z ~- 1/z
_ _ _  

= 

~~
- { 1 + (1 + (WT)2) j (4)

and v(w ) is the phase factor given by

1/2 +1/2
y(w ) = ~~~ [~~l + l(+ (WT)2) ] 

~ 
(5)

The amplitude function thus yields the ac diffusion length directly.
The data of Figure 66 exhibit some variation in the apparent local
diffusion length and this is due to deviations from one -dimensional
behavio r ne ar the junct ion , as well as to the e ffects of surface re-
combination. With increasing distance from the junction, the dif-

• fusion length approaches the bulk value. The effects of surface
recombination have been treated analytically by vanRoosbroeck, 66
and are calculable in principle. Howeve r , explicit fitting of the

65 
~~ P. McKelvey, Solid State and Semiconductor Physics

(Harper and Row , 1966 , New York),  pp. 439-440 .
66W . vanRoosbroeck, J. Appl. Phys. 26 , 380 (1955).
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amplitude fun ction , taking into account sur face effects and detec —
tor geometry,  is deemed to be intractable . vanRoosbroeck has
shown that at distances from the junction sufficiently great , sur-
face recombination affects  the amplitude only as a multiplicative
constant . It is therefore preferable , when possible, to take the
experimental approach of providing sufficient dynamic range to
yield the bulk value of diffusion length directly.  A f i r s t -o rde r
correction for deviation from one -dimensional geometry was
made (discussed below) and a value of 10.9 p.m for the diffusion
length obtained. The noise level of Figure 66 corresponds to
about 4dB above thermal noise. The phase characteristic has a
range of 1500 before noise dominates and indicates a uniform
signal propagation velocity. Measurements of the kind shown in
Figure 66 have previously been made on germanium by Munakata , ~
at lower frequencie s and for longer diffusion length s , in order  to
verif y the applicability of the one -dimensional model. Consist-
ency within experimental er ror  was observed.

The dr i f t  mobility is derive d most directly from the change
in signal propagation velocity v , as observed from the change in
phase (0) under app lication of an electric field (E). We have then

p. = 
drif t  

~~
(v

E 
- vo

) = 
(0~~~ (X) 

- 

0~ (x))~ 
(6)

is governed strictly by diffusion whereas yE has the drif t  veloc-
ity superimposed on it. Field strength s were as high as 30 to
50 V/cm and short pulses were employed to minimize sample
heating . Use of the crystal filter , howeve r , limited the signal
bandwidth to such an extent that the phase did not settle within the
desired pulse lengths. Equivalent infor mation was therefore
derived from the amplitude function . Figure 67 shows the ampli-
tude profiles under zero field as well as under retarding and ac-
celerating fields . Analysis assumes that equal amplitude signals
correspond to equal propagation times. Thus,

1 vO/x E \

Mu.nakata and T . E .  Everhart , Japan J. Appl. Phys. 11 ,
9 13 (1972).
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Figure 67. The dependence of amplitude on distance from the jun c-
tion under f ield-free (A , 0 ) conditions , as well as accelerating
pulsed field (0), and retarding pulsed field (

~ )- conditions , for a
1-MHz modulated beam. The applied field was 11 V/cm. The
corresponding sets of curves have been separated vertically for
cla r ity , so the amplitude scale is arbitrary.

where XE and x0 refer to equal-amplitude coordinates on the respec-
tive curves.  Mobilities determined in this manner were 250 cm2/V-sec
and 270 cm2 /V-sec on the two sides of the jun ction . The curve s
shown in the figure should intersect at the junction periphery and
the deviation may be due to conductivi ty modulation near the point
of injection .

Mobilities were also measured using phase information, with-
out the crystal filter. Typical values were consistent with those
found above , centering about 240 cm2/V-sec. These value s are low
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compared to the mobility of about 450 crn 2 / V-sec expected for holes
in 3 Cl-cm n-type material . (Possible reasons for the d iscrepancy
will be discussed below.) The finding of an unexpected low mo-
bility motivated a comparison with other , field -free , methods of
determining the mobility.

The mobility may be determined from the diffusivity using
the Einstein relationship ~Eq. ( 2 ) ]  if both the lifetime and diffusion
length are known . Both of these quantities may be de termin ed
from measurement of L(w ) or the signal propagation velocity at a
number of frequencies , encompassing such frequencies that
u ’ r  >> 1. (See Eqs. (4) and (5).) We have obtained a mobility value
by comparison of the i -MHz diffusion length with the dc value , as
well as by measurement of the signal propagation velocity for a
wide range of frequencies.

Results for the measurement of the dc diffusion length are
shown in Figure 68 . The experimental method for this measure-
ment has been described e lsewhere . 68 Since the noise limit of
the method is imposed by the b /f-noise of the (unpassivated) dete c-
tor junction, dynamic range equivalent to that of the ac measur e-
ment is obtained by means of signal averag ing.  The noise level in
this measurement is on the order of a few pA. The amplitude func-
tion is qualitatively similar to that of Figure 66 in that the apparent
diffusion length is foreshortened near the junction , due to surface
effects and geometric factors , and approaches a constant value at
some distance from the junction. Since the apparent diffusion length
is spatially vary ing , an improvement on a one -dimensional treat-
ment is desirable . The steady-state solution of the diffusion equa-
tion in spherical coordinates , for point source excitation , is given
by

n(r ) = exp(-r/L) , (8)

where n is the concentration at distance r from the source and A
is an assumed source streng th. The measured signal is directly
proportional to the value of n at the junction . A fit of the functional
form (1 /x) exp (-x/L)  to the data yielded a spatially invariant value
of diffusion length of 17.6 p.m, which was taken to be the bulk value.
The same considerations app ly to the 1-MHz data . Verification
that the data for the two caser are analogous is provided in a log-log

68S. Othmer and O.L.  Curtis , J r . ,  IEEE Trans . Nuci. Sci .
20 , 204 (Dec. 1973).
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Figure 68. Measurement of the minority-carrier current as a
function of distance from the point of injection to the junction,
for the dete r mination of the dc diffusion length . Shown is the
output of a multichannel scaler after summation of traces for
signal-to -noise enhancement. The amplitude scale is
arb i t ra ry .

plot of the amplitude function , shown in Figure 69. The data sets
have been superimposed by translation along the two coordinate
axes , and the correspondence demonstrates that the only difference
between them is the spatial scale ( i .e . ,  the bulk diffusion length).
The same functional form was therefore used to fit these data and
the value of 10.9 p.m already re fe r red  to was obtained. Using Eq. (4),
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Figur e 69. Comparison of the dc diffusion length and the 1-MHz
diffusion length . The scale s are a rb i t ra ry  and the curve s
have been displaced along the coordinate axe s for superposition .

the lifetime is determined to be 640 ns , the diffusivity 4 .84  cm2/
sec , and the mobility 190 cm 2/V-sec.  The precision of this value
is poor , due to the use of the ra ther  low fr equency of 1 MHz for
this short lifetime (wT = 4). An e r ro r  of 10% in the 1-MHz diffusion
length implie s an er ror  of some 26% in mobility in this case. Neve r-
theless , the low value s of mobility found above with application of
an electric field stand confirmed to within the accuracy of this
de te r mination .

The second field-free method of determining the drift  velocity
is based on phase measurements of the signal propagation velocity .
The phase shift in Eq. (3) has the form yx /L(O) ,  so that the signal
propagation velocity is

v = L(O ) ( w/ y ) ,  (9 )

f rom which the lifetime may be determined if the dc diffusion
length is also known . The signal propagation velocity is closely
related to the diffusion velocity, g iven by L ( O ) / T .  In the low-
fr equency limit , the signal propagation is equal to twice the
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• diffusion velocity . The data obtained for signal propagation veloc-
ity are shown in Figure 70 for all of the measurement frequencies.
Only the b -MHz and 3.6-MHz data points were obtained with a
crystal f i l ter .  Precision of the other data points is considerably
poorer — at high frequencies due to limited dynamic range , and at
low frequencie s due to the fact that the total phase change measured
was rather small . The curve shown is a fit to the data which
weights the two best data points most heavily. This yields a life-
time of 320 ns , and thus a diffusivity of 9.7 cm2/ sec or a mobility
of 370 cm2/V-sec. Since the determination is based on data taken
at such low frequencies , the margin of error  could easily be +100/
-70 cm2 /V-sec in this determin ation . However , the general con-
formance of the data to expectations tends to justify the use of a
one-dimensional model , and the use of this method of determining
the drift mobility.

5 1 I I I 1 1 1 1 !  I I I 1 1 1 1

I.) 04 -

N
E

II~~~~~~~~ 
O~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0 I I I 1 1 1 1 1 1  I I I 1 1 1 1 1

0.1 1 10
- 

f (MH z)

Figur e 70 . Plot of signal propagation velocity, determined from
phase measurements, vs modulation frequency. The fit
shown is based on the one-dimensional model. Refe r to
the text for discussion of the fit.
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6 . 4  DISCUSSION

Comparison has been made between methods of determining
drift  mobility which do not require application of a field and those
using a pulsed electric field . The data are recapitulated in
Table 5. Considerable spread in the measured values was found
among the various techniques, but a general tendency for the values
to be low compared to expectations was manifested. This is sur-
prising , and several possible explanations have been considered.
First , under high-injection conditions , transport  is governed not
by the drif t  mobility, but rather by the ambipolar mobility, which
tends to zero in the intr insic limit . At the low beam currents  em-
ployed here , such high-injection conditions were determined to
exist only within the energy deposition volume . Therefore , it is
unlikely that this fa c to r is principally responsible for the observa-
tion of a low mobility . Moreover , the field-free methods are
governed under high-injection conditions by the ambipolar diffu-
sivity, which does not vanish in the intrinsic limi t , and is , in fact ,
larger  than the low-injection hole diffusivity in the case of n-type
samples. A second possible explanation is that the mobility is re-
duced due to local heating,  but this factor has likewise been foun d
insufficient to explain the observed discrepancy.  Finally, it is
conceivable that the present measurements are inordinatel y infl u-
enced by the presence of the surface . An upper limit to the pos-
sible influence of the surface is indicated by the channel mobiLt ies

Table 5 .

Mobilities Determined by Various Methods

MobilityMeasurement
Technique (cm /V-sec)

Pulsed Field , 
250-270• Amplitude Function

• Pulsed Field , 
240Phase Function

ac-Diffusion Length 190

Signal Velocity 370

(Expected Value ) (450)
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• of MOS t ransis tors , where t ransport  is influenced by the interface
and in which mobilities on the order  of one -half of bulk mobilitie s
are observed. This effect  would seem to be insufficient to explain
the discrepancy in the present case , which approaches the condi-
tions for a bulk measurement much more closely.

The spread in the observed mobility values among the various
techniques is ascribed principally to the nonoptimal choice of oper -
ating fr equencies in the case of the f ie ld-free technique s , and to
the fact that mobility determinations become vastl y more difficult
at short diffusion lengths.  Radiation effects studies at such short
diffusion lengths therefore appear to be unattractive. On the other
hand , the prospect of using these methods for the characterization
of solar cells appears promising . Silicon solar cells must exhibit
diffusion lengths of at least 50 p.m in order to have any prospect of
economic viability and the above techniques should be capable of
yielding good mobility values in the range of diffusion lengths above
20 p.m.

The principal shortcomings of the above techniques relate to
the influence of the surface on the measurements and the assump-
tion of one-dimensional character of t ransport .  Both of these lia-
bilities are remedied if measurements of the ac diffusion leng th
are made with a bevel geometry,  69 in which the bombarded surface
and the collecting surface form a wedge of arbitrary apex ang le
(on the order of 10°). Transport  then occur s through the bulk and
the effect of the surface on the me asurements is totally neg ligible
as long as the surface recombination velocity at the injecting sur-
face is uniform. The transport  is also more one-dimensional in
character by virtue of the fact that the diffusion front is tangential
to the collecting surface.  DC measurements of diffusion leng th by
such methods have been quite common , particularly for GaAs .
The simple expedient of measuring the amplitude and phase response
using two appropriate frequencie s should yield both the dc diffusion
length and the drift  mobility for the material as well as a measure
of the spatial uniformity of these parameters.  One frequency should
be chosen such that W T  << 1, to yield a diffusion length close to the
dc value , and the other should be chosen such that WT > 10, to give
value s for the lifetime on the basis of both the phase and the ampli-
tude response.  Jointly, then , these parameters yield the mobility .
The determination of good mobility values by this method requires

6 9 W .n ,  Hackett , J r . ,  J. Appl. Phys.  43 , 1649 (1972) .
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precision not usually associated with diffusion length measure-
ments . We have used the bevel geometry for determining diffusion
lengths of 40 p.m on solar cells with 5% precision , and have found
agreement of this value with a short-circuit current measurement
of the diffusion length using the uniform generation of a Cobalt-60
gamma source . Measurement with the bevel geometry clearly does
afford the desired accuracy.
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