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Bulk Impurity Charge Trapping in Buried Channel

Charge Coupled Devices
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ABSTRACT

Buried channel charge coupled devices are particularly sensitive to the
effects of bulk state impurities on such device characteristics as thermal
leakage current, charge transfer efficiency, and noise. This paper reviews the
statistics relevant to these effects and describes an improved application of
the double pulse experiment for probing bulk impurities. This experiment
found that the dominant impurity in our devices had an energy level 0.404 eV
from one of the bandedges and determined a lower limit of 1013 cm—3 for the
concentration. A close match with previously reported results suggests that
this energy level is referenced to the valence band and represents iron. By
eliminating the corrosive HCl gas used to getter sodium in the thermal
oxides, the source of iron was removed and the affected device characteristics

improved about two orders of magnitude.

Bulk impurities, especially in buried channel de-
vices, give rise to several undesirable charge coupled
device (CCD) characteristics. Among these are enhanced
thermal leakage current, bulk state trapping, and bulk
state trapping noise. Thermal leakage current gen-
erates charge internally and limits the time during
which an empty charge packet can be stored. Bulk
state trapping and subsequent emission smears charge
into trailing charge packets, thus degrading the signal,
and also gives rise to a partition-type bulk state trap-
ping noise. The trapping noise can also dominate as a
generation-recombination noise in the output circuit
due to the proportionality of this noise power to the
square of the bias current.

Mohsen and Tompsett (1) discussed the effects of
bulk traps on the performance of buried channel
CCD’s and described the double pulse technique they
used to determine the trap emission time constant. Our
purpose in this paper is to review the trapping sta-
tistics that include the effects of both energy bands
and to describe an efficient implementation of the dou~
ble pulse measurement technique. We are also inter-
ested in identifying the appropriate impurities, and, in
our example, we will find a large iron distribution and
discuss its source and eventual elimination.

* Electrochemical Society Active Member.
Key words: iron, bulk impurities, charge coupled devices.
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Bulk Impurity Statistics

Figure 1 is a band diagram describing the four possi~
ble Shockley-Read-Hall (2) trapping transitions as-
sumed to dominate in the device. (a) and (b) are
electron capture and emission rates, and (c¢) and (d)
are hole capture and emission rates at a trap with
energy, Et. Ec and Ev are the conduction and valence
band energies. The relevant statistics can be described
by three rate equations

dn/dt = (b) — (a) = ephr — CanPT [1]
dp/dt = (d) — (¢) = eppr — cppny [2]

dnr/dt = (@) — (b) — (¢) + (d)
= Canpr — ennT — PRt + eppr  [3]

n and p are the electron and hole concentrations, and
nr and pr are the filled and empty electron bulk state
concentrations. ¢, and ¢, are the electron and hole
capture coefficients, and ey and e, are the electron and
hole emission coefficients.

At equilibrium

dn/dt =0
n = n, = N¢ exp [(Er — E¢)/kT]
dp/dt = 0
D = Ppo = Ny exp [(Ev — Er) /kT] [4]
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where N¢ and Ny are the effective density of states at
the two bandedges and Er is the Fermi energy. Sub-
stituting Eq. [4] into [1] and [2] gives

en = culNc exp [(Er — Ec) /kT]
(51
ep = CpNy exp [(Ev — Er) /kT]

To obtain this result we used the Fermi occupation
factor in nr and pr such that

nr = Nt/ (1 + exp [(Ex — Er)/kT])
pr = Nrrexp [(Er — Er)/KT1/
(1 4 exp [(Er — Er)/kT]) [6]

where N1t = nr <4+ pr is the total bulk state concen-
tration. Also in equilibrium

dnr/dt =0
nr = Nor (Calto + €p)/ (CnMo -+ €n -+ Do + €p)  [7]

where Eq. [3] was substituted along with pr = Nrr
— nr.

As noted by Sah (3), Eq. [5] are strictly valid only
at thermal equilibrium where they are derived. How-
ever, for small deviations from equilibrium we can as-
sume that the electric fields are not large enough to
make the capture and emission coefficients field depen-
dent. Also, we will be primarily interested in the tem-
perature dependence of the emission cofficient rather
than its absolute value, thus minimizing the effects of
nonequilibrium on the measurement accuracy.

In depletion, we have p = n = 0, so the emission
transitions, (b) and (d), dominate the capture events,
(a) and (c¢), in Eq. [3] giving

dnr/dt ~ — exnr + eppT

= — (eq + ep)ny + e Nyr [8]
The solution to Eq. [8] is
nr = Anrt exp{(— t/1) + (v/vw)N1r [9]

where =1 = ey 4+ ep and 1,71 = ep. Let t = 0 be the
time when the device is switched from equilibrium to
depletion so that nr(0) is given by Eq. [7]. Then from
(71 and [91 at t = 0 we get
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In some cases, [10] can be greatly simplified. For
example, in N-type material n, >> D, and, if the
impurity level is near the middle of the bandgap, cun
>> ey, ep so that Ant ~ Nrren/(ey + ¢p). Further-
more, if the energy level is in the upper half of the
bandgap, we should have e; >> e, and Any ~ Npr.

Depending on the location of the impurity energy
level, either e or ep normally dominates in 1. For ex-
ample, if E7 is closer to E¢ than Ev, we expect e, >>
ep from Eq. [5] and so

t~en~! = {enNcexp [(Er — Ec)/kT]}~1  [11]

The capture coefficient, cp, is proportional to T% since
it contains the thermal velocity factor, and the effec-
tive density of states, N¢, is proportional to T3/2 (4).
Thus, there is a T2 factor built into the ¢,N¢ product.
This factor can be eliminated by multiplying Eq. [11]
by T2 Then when we take the natural logarithm we
get

In(<T2) = In(T2%/cyN¢) + (B¢ — E¢) /KT [12]

Now if In(<T2?) is plotted against (kT)-!, the slope
of the straight line is E¢c — Er which identifies the
impurity energy level. In the other case, if ep >> ey
(e.g., Et closer to Ev), then

In(xT?) = In(T?%/¢yNv) + (Er — Ev)/kT  [13]

and the data slope gives Et — Ev.

Trapping occurs when a charge packet in the CCD
is transported into a cell that has previously been
empty or in depletion. This means that the exponential
term in Eq. [9] has at least partially decayed. When
the charge packet arrives, electrons fill these empty
impurity states almost instantaneously due to the high
capiure rate caused by the large carrier concentration.
However, when the charge packet is transported to the
next cell, these electrons stay trapped in the impurity
states. We are back to a depletion condition and these
electrons are only emitted from the traps according to
the exponential time term in Eq. [9]. As the electrons
are emitted from the traps they are picked up by
trailing charge packetfs. This total process tends to
smear out the CCD signal in time,

The trapping process also gives rise to partition
noise in the CCD charge signal due to the constant
reapportionment of charge among adjacent cells. Also,
there is substantial generation-recombination noise in
any currents flowing in the device, particularly in the
output circuit where the currents can be substantial.
This noise is derived from the constant emission and
capture of the current carriers even in a nearly equi-
librium condition where the total concentration is con-
stant.

Experimental Procedure

In order to obtain some direct quantitative informa-
tion on these bulk states, we performed a double pulse
charge transfer experiment similar to that of Mohsen
and Tompsett (1). This experiment is illustrated in
Fig. 2. The device is encased in a controlled tempera-
ture environment, and the analog signal charge trans-
fer is driven by a four-phase clock driver, The driver
also triggers a double pulse generator at a predeter-
mined interval based on an integral number of clock
periods. The double pulse generator puts out two
pulses, one immediately following the trigger signal
and a second pulse that is delayed from the trigger
signal. The delay is manually adjustable, and the
width of the two pulses is also adjustable, but the
width is normally at least two clock periods. The
double pulse output signal from the pulse generator is
applied to the shift register input, which samples the
signal every clock period and converts voltage to pro-
portional charge. The sampled signal charge is trans-
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Fig. 2. Block diagram of CCD variable delay double pulse trap-
ping experiment.

it is proportionally converted back fo voliage and dis-
played on the oscilloscope. The oscilloscope uses the
same trigger as the pulse generator. Figure 3 contains
typical examples of the input and output signals,
where, in this case, the output signal has been time
shifted to eliminate the shift register delay that would
normally occur. As shown in the figure, the pulses ap-
plied to the CCD input extend over two clock periods.
For each input signal pulse, the resulting output then
gives two sample pulses corresponding to the two
tharge packets that each input signal pulse forms. A
more negative output corresponds to a larger charge
packet of electrons.

As seen in the output circuit signal, the first charge
packet or cell is greatly reduced during transfer down
the CCD channel. This is due to trapping of charge by
the bulk states. Since most of the traps are filled by
the first charge packet, the second charge packet trans-
fers through the CCD with very little loss. There is
some loss, however, since the first charge packet is not
exposed to all the traps in the channel because of de-
creases in the charge packet volume due to charge loss.

UNDELAYED  DELAYED
PULSE PULSE CCD INPUT
CCD OUTPUT
1T = 7 ITITFiRsT CELL sATuRATION
Te = 4 /s
%
L
7| |SECOND CELL SATURATION
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cock 7 M-~
PERIOD 7 — NO TRAPPING LOSS
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These remaining traps are nearly all filled (in this ex-
ample) by the second charge packet or the second
sample of the first input signal pulse.

In the extreme case of a very large impurity con-
centration, more than two charge packets may be re-
quired to fill the trapping levels. This does not sub-
stantially affect the measurement technigque as long
as a sufficient number of charge packets is provided.
This is accomplished by extending the signal pulse
width over additional clock periods.

There is a delay, tq, between the second charge
packet from the first input pulse and the first charge
packet from the second input pulse as shown in the
figure. During this time electrons are emitted from
the traps according to the depletion statistics of Eq.
[9]. Then when the next charge packet comes along,
it fills the recently emptied traps such that its trapping
loss is equal to the emission that occurred in the t4
interval. If the emission of trapped charge is large,
some of these traps may be missed by the reduced
first delayed charge packet. These are then filled by
the second delayed charge packet or any additional
charge packets that may be required.

If ty = 0, no significant emission from the traps oc-
curs between the charge packet pairs so that no
trapping loss occurs in the second pair. At the other
extreme, if tg >> 1, where t is the trap emission time
constant, all the traps empty during t4 and the second
charge packet pair experiences the same trapping loss
as the first pair. For values of tg in between these ex-
tremes, the second pair trapping loss follows the form

Q(tg) = Q(e0) + [Q(0) — Q(0)]
[Q(td)/Q(0)] exp(— ta/t)  [14]

In Eq. [14], @ (t4) is the remaining charge at the CCD
output in a charge packet delayed by tgq, while Q(0)
and @ (o) are the remaining charge for charge packets
with zero and infinite delays. The quantity @(0) —
@ (o0) is the charge potentially subject to trapping, and
the exponential factor is that of the trap emission rate.
As the charge packet moves along the CCD channel
losing charge to trapping centers, its volume is re-
duced and it is exposed to a smaller volume of trapping
centers. In a uniform buried channel, this is repre-
sented by the factor Q(ts)/Q(0) where the charge
packet volume is assumed proportional to the amount
of charge. Finally, we can isolate @ (tq) in [14] to get

Q(ta) = Q(0) /{1l — [1 — Q(e0)/Q(0)] exp(— ta/v)}
[15]

Of course the CCD output voltage is proportional to
Q(tq). Thus, by varying tq and observing the corre-
sponding change in the output voltage, v can be de-
duced.

Frequently if the trapping effect is not too large, we
have [1 — Q(e0)/Q(0)] << 1, and Eq. [15] can be
approximated by

Q(td) =~ Q(0) {1 4 [1 — Q(c0)/Q(0)] exp(— ta/7)}
(16]

This approximation becomes more accurate as the ex-
ponential factor decays. Since we now have a purely
exponential time term in Eq. [16], the time constant,
1, can be determined without regard to the absolute
values of @(w) and Q(0). Sometimes the first sample
of the delayed signal pulse experiences very large
trapping losses such that @(ew) ~ 0 and [16] cannot
be used. In that case, a second or third sample will
have less trapping loss and thus qualify for using Eq.
[16]. Since we have to take as many samples of each
signal pulse (i.e,, strefch the signal pulse over more
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Although the time delayed trapping data can be
taken in the usual point-by-point manner, a more effi-
cient technique gives a much faster result with an in-
crease in accuracy. This technique uses the fact that
the sampling nature of the CCD provides the same size
charge packets at the same sample times even as the
signal pulse is delayed up to one full clock period.
However, when the signal pulse edge passes through
the sample aperture time, the charge packet abruptly
changes. Thus, when the time delay between pulses is
continuously varied, the CCD output photographed
by a time exposure clearly indicates the corresponding
charge loss variation in the delayed charge packets.
Each of the time delayed outputs is displayed for the
time it takes to adjust the delay through one CCD
clock period. If this time is long enough to expose the
film and the delay is varied in a roughly uniform
fashion, a good photograph will result. In practice,
this typically requires opening the camera shutter for
about 5 sec while turning the delay knob on a double
pulse generator.

In performing the experiment, it is important to
choose a CCD clock period that is much less than <
in order to get many samples of the exponential decay
to match with Eq. [15]. Also, the time between the
end of the delayed signal pulse and the start of the
next signal pulse pair must be long enough to allow
all the trapped carriers to be emitted. In other words,
the signal pulse pair repetition period must be many
T time constants longer than the longest delay between
the two pulses. The first signal pulse then provides the
@ (o) reference values.

The accuracy of the single photograph method can
be better than the technique of recording each time
delayed sample separately, even though the individual
sample resolution may be less. This is because there is
much less opportunity for calibration or temperature
drift between tg readings. Therefore, the relative ac-
curacy between data points is excellent, which is most
important in obtaining the time constant, t, by match-
ing experimental results with Eq. [15]. It should also
be noted that this technique of probing bulk impurities
by using CCD’s is potentially more sensitive than nor-
mal capacitance transient methods (5) because the
charge packet flows through a number of cells losing
trapped charge in each one. In more traditional mea-
surements, only the equivalent of one cell is used. Thus,
sensitivity is multiplied by the number of CCD cells.
However, to take advantage of this enhanced sensitiv-
ity, CCD noise sources such as fransfer efficiency noise
and output FET noise must be minimized.

Although the double pulse experiment does not by
itself give the impurity concentration, Ntr, except in
the special cases where N1r ~ Anr, it can give the im-
purity energy level by finding the slope of Eq. [12] or
[13]. This can identify the impurity involved. Since
the technique directly measures the adverse CCD
characteristic, namely charge transfer trapping loss, it
always identifies the impurity that is most injurious to
the device, and the measurement can be made near
the normal operating temperature.

Experimental Result

An example of the determination of the time con-
stant, t, at a single temperature is shown in the oscillo-
scope photo of Fig. 4. This photo is a long time ex-
posure showing the first charge packet pair and a
sequence of second charge packet pairs at various de-
lays. The delay time was adjusted continuously from 0
to the edge of the oscilloscope scale while the camera
shutter was open. The result is the two exponential
decays vividly displayed for the first and second de-
layed charge packets. The two undelayed charge packet
signals are also shown, somewhat bloomed due to the
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Fig. 4. Long exposure photo of CCD output during variable delay
double pulse trapping experiment. Device 30338-1-4-37B; CCD
Clock Rate =— 50 KHz; Horizontal scale — 100 usec/div.; Vertical
scale = 0.1 V/div.; temperature = 55°F.

erence time. Since the trapping loss is about 25% of
the total first charge packet (the zero charge level is
well above the top of the scope display), Eq. [16] ap-
proximates [15], and a simple exponential decay can
be assumed.

For example, let 0V be the top of the vertical scale
as an arbitrary reference. The undelayed first charge
packet signal is at —0.05V. The delayed first charge
packet when the delay is zero (i.e., no charge loss) is
at —0.60V, giving a maximum charge loss equivalent
to 0.55V. We see a charge loss equivalent to 0.20V at a
delay of 700 usec, so that

0.55 — 0.20 = 0.55 exp(— 700 x 10—%/%)
7 =700 x 10—8/In (0.55/0.35)
= 1550 usec at T = 55°F

Naturally, curve-fitting techniques could be used with
Eq. [15] to get more precise values of t if required.
By repeating the experiment at several temperatures,
we can plot In(tT2) vs..(kT) !, and from Eq. [12] and
[13], we expect a straight line of slope E¢c — Et or
Etr — Eyv. The experimental results are plotted for a
single CCD device in Fig. 5 and they do in fact fall on
a least squares fit straight line of slope 0.404 eV =
Ec — Er or Er — Ey, This is an energy level that lies
near the midgap of silicon, where we know it can give
rise to the most thermal leakage current. The reported
energy level closest to this number in silicon is Er— Ev
= 0.40 eV for iron (6-8). Iron is known to have one of
the highest diffusion coefficients of any impurity in
silicon, and its solid solubility is larger than 1015 cm—32
at our lowest furnace temperatures. An obvious source
of iron is the stainless steel plumbing for the gas flow
systems and the gas storage tanks. The potentially
corrosive HCI gas system used to getter mobile sodium
ions from the gate oxides was particularly suspect.
By eliminating the HCl gas flow and relying on
clean processing and gettering of sodium by our
phosphorus-doped polysilicon gates, we obtained an
immediate reduction of about two orders of magnitude
in thermal leakage and charge trapping in finished de-
vices.

The concentration of trap states from which carriers
are emitted after a certain time is given by the first
term in Eq. [9], and the concentration of emptied
traps after steady state is achieved is represented by
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capture coefficients and the equilibrium doping con-
centrations.

In our buried N-channel device we have enno >>
CpPo» and, since the impurity level is near the midgap
energy, cnfo >> enep by comparing Eq. [4] and [5].
Finally, we have assumed that the impurity level emits
holes to the valence band so that e, >> e,. Combining
these approximations in Eq. [10], we get Ant ~ (en/
e,) Nrr. We have determined ey, = 771, but en can only
be found by another measurement technique. How-
ever, we have determined that the concentration of
trapped and reemitted carriers, Anr, is much less than
the impurity concentration or Nrr ~ (ep/eq) Ant >>
AT,

Referring to Fig. 4, after the traps have emptied in
a full depletion mode so that the first term in Eq. [9]
is zero, a full charge packet loses charge represented
by a 0.55 drop in output voltage. A second charge
packet experiences a 0.13 voltage drop and succeeding
full charge packets lose nothing because the traps
have reached the equilibrium condition of Eq. [7]. The
output circuit has a sensitivity of about 102 V/C, so
the 0.55V and 0.13V represent 0.55 x 10—12 C and 0.13
X 1012 C or a combined total of 4.3 x 108 electrons.
These electrons are trapped in a CCD channel that is
250 um wide X 1540 ym long X 1 pm deep for a total
volume of 3.8 X 10-7 cm3, Therefore, the concen-
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tration of trapped electrons that can be reemitted is
Any = 4.3 X 106/3.8 x 10-7 = 1.1 X 1013 cm—3, This
represents a lower limit on Npr.

Conclusions

By -employing the temperature dependent transfer
inefficiency of a CCD, we have been able to identify
the impurity causing that inefficiency as iron with an
energy level 0.40 eV above the siiicon valence band.
We have also been able to place a lower limit on the
iron concentration of 1.1 x 1013 em~3, A simplified
single photograph variation of the double pulse method
greatly facilitated determination of the required emis-
sion time constants.

"This impurity identification immediately threw sus-
picion on the furnace plumbing for the HCI gas used
to getter the threshold shifting sodium ions in isolation
oxides. This plumbing contains iron in the stainless
steel tubing and the HCI tanks. By eliminating the
HCIl gas system, an immediate reduction of about two
orders of magnitude in thermal leakage current and in
charge trapping was observed in finished devices.
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