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Abstract

A simplified model of the back surface of the CCD is discussed. The model
incorporates parameters which account for the important features of the back surface: a
surface recombination velocity, an electric field which can assist in or oppose the
collection of signal charge and a field free region. Calculations using the model
equations are presented to illustrate the effect of these parameters on the distribution
of excess carriers and on the resulting quantum efficiency. The results indicate that
only moderate fields are required to achieve high quantum efficiencies even at short
wavelengths.

1. Introduction

One of the great advantages of the charge-coupled device (CCD) as a detector is the possibility
of achieving very high quantum efficiencies over a broad range of wavelengths. The highest
sensitivities are achieved by thinning the device and illuminating from the non-circuit side. In this
manner and in combination with appropriate anti-reflection coatings, it is possible to obtain quantum
efficiencies that exceed 90% at the peak.

Thinning of CCD devices has been a subject of intense interest for a number of years. It was
recognized very early that to achieve respectable response at short wavelengths (k < 450 nm) it would
be necessary to illuminate the device from the non circuit side. Many of the early devices used either
an all aluminum gate technology or polysilicon gate technology [1,2]. In the case of the Al gate
devices it was clear that to get light into the device it was necessary to bring light in from the back
side. In the case of the polysilicon devices the problem is the polysilicon gates themselves. Figure !
illustrates the absorption coefficient of Si as a function of wavelength. For wavelengths shorter than
about 450 nm the polysilicon gates themselves will absorb a significant fraction of the incident
radiation resulting in low quantum efficiency in the short wavelength region.

For the rear illuminated devices, the same figure indicates that for short wavelengths the photo-
generated electrons will be generated very close to the back surface of the device. The consensus is
that trapped charge in the native oxide that typically grows on the back surface creates a potential
well extending several hundred nm into the silicon. Figure 2 presents a schematic cross section of a
thinned CCD and illustrates the presence of the potential well at the back surface. The net effect of

* This work performed for Ball Aerospace Systems Division under contract No. 02744 in support of
the NASA Space Telescope Imaging Spectrograph (STIS) Program.



Energy (ev)

1.24x104 1.24x103 . 124 12.4 1.24
10-2F T T i T 100 um
= B 1 .
g 103 pm
=
FF)
o
8
3
1w 1 opm
a
o
wl
o
B
M
2
4 10-5~ 100 nm
g
[+
7]
-l
-
Lal
° 105~ 10nm
Photon Absorption Depth in 8ilicon. ;
10.7 ! 1 1 1inm
10-2 10° 10l 102 ' . 03

Wavelength (nm)

Fig. 1. Absorption length in silicon.

this potential well is to attract photo-generated electrons to the back surface where they will
recombine and be unable to contribute to the signal. The result is a lower effective quantum
efficiency. It is, of course, the short wavelength photons which suffer the greatest degradation.
Consequently, care must be exercised in treating the back surface of the device in order to ensure that
the largest fraction of these signal carriers are in fact collected and detected.
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Fig. 2. Schematic cross section of a thinned CCD. The depletion region at the back
surface.leads to poor quantum efficiency at short wavelengths.



A number of efforts to computer model the thinned CCD have been made [3-5]. These models
simulate the drift and diffusion of carriers in the surface and field free regions and allow one to
evaluate both charge collection efficiency and the distribution of charges over pixels for high energy
events. Although the computer models have proven useful and reliable in predicting results, an
analytical solution generally gives more insight into the physics of the problem. Furthermore, with an
analytical model it is usually easier to evaluate the influence of individual parameters of the overall
performance of the structure. In this paper we will present a simple model of the back surface of the
CCD which includes the effects of surface recombination, a surface potential well and a field free
region.

2. Simplified Model

A number of different techniques have been devised in the effort to treat the back surface of
a thinned devices so as to achieve the highest quantum efficiency possible. The original method, and
the one which illuminated the underlying problem with the bare Si surface, was the technique of UV
flooding [6]. Since that time a number of other processes have been developed including charging the
back surface, flash oxides, biased flash gates and ion implanting and annealing [3,7,8]. The common
feature of all these techniques is the effort to mitigate, compensate, or eliminate the potential well
that forms naturally on the back surface. In general this is accomplished by creating a field in the
surface region which will bend the bands upwards, accumulating the surface. This field is in such a
direction as to accelerate photo-generated electrons towards the CCD wells and away from the back
surface. o

The simplified model begins with the assumptions that the neutral bulk region of the thinned device
contains both a field free region and region next to the surface that involves a field of some sort [9].
In addition, the surface is assumed to have a finite, nonzero surface recombination velocity which
provides the natural sink for electrons that diffuse towards the surface. Figure 3 is a schematic
illustration of the regions of a thinned CCD of total thickness t. Also presented in the figure are the
potential and the electric field as a function of position. We assume the region of the surface which
includes the field is characterized by a distance into the silicon, ¢, and a constant field, E,. The field
represents the effects the charge in the native oxide and/or band bending (independent of how the
band bending is implemented). The field can be positive or negative corresponding to a depleted or
an accumulated surface, respectively. The field free region extends from o to d, the edge of the
depletion region. Finally, the depletion region and the CCD well comprise the remainder of the
structure, d < x < t. The back surface is characterized by the surface recombination velocity, sg.

To evaluate the quantum efficiency of the back illuminated device we need to calculate the flux of
photo generated electrons that are collected by the CCD wells and add to that the number of carriers
that are generated directly in the CCD wells. Mathematically this is expressed as

t

QE(}) = (1 - R(A)) {JGn(X)dx - (1/q) Jn(x=d)}/o (1)
d

where R()) is the fraction of the incident energy reflected from the thinned surface, Gp(x) is the
generation rate and Jn(x) is the electron current in the field free region evaluated at the edge of the
depletion region and ¢ is the incident photon flux. '

The electron current can be found from the solution to the continuity equation in the neutral bulk for
the electron concentration, n(x), "
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Fig. 3. Cross section of the model for the back surface of the CCD.
Top: Illustration of the individual regions into which the device is
segmented. These include the surface region, the field free region and
the depletion and CCD well region. Middle: Potential profile within the
device. Note that the potential at the surface can bend upwards or
downwards representing inversion or accumulation, respectively. Bottom:
Fields present within the device. The field can be either positive or
negative.



dn/dt = (1/q) V'Jn(x) + Gn(x) - Rq (2)
= pan(x) dE(x)/dx + pnE(x) dén(x)/dx + Dy d26n(x)/dx2 + Gu(X) - Rn 3)

In these expressions, q is the magnitude of the electronic charge, R is the electron recombination
rate, pp is the electron mobility, E(x) is the electric field, Dy is the electron diffusion constant and
n(x) = ny(x) + én(x) =~ sn(x).

For the optical problem,

Gn(x) = aggexp(-ax) (4)
and
Ry = én(x)/7 . (5

where a is the absorption coefficient and 7 is the recombination lifetime. The last condition reflects
the fact that the electrons are the minority carrier in the bulk and it is the excess minority carriers
that are collected as signal. In the steady state, dn/dt = 0, and the continuity equation must be solved
for two regions: the surface region, region 1, where the electric field is assumed to be uniform, E(x) =
E, and the field free region, layer 2, where E(x) = 0. The solution in the two regions are

ény(x) = A exp(ux) + B exp(vx) + ¢ exp(-ax) 0O<xx<o 6)
and ‘ '
ény(x) = A exp(7x) + B exp(-1x) + ¢ exp(-ax) c<xsd (7N

The coefficients A - D are determined from the boundary conditions. The detailed solution, the
coefficients and other constants are given in Appendix A. Substituting the expression for the excess
electron concentration into Eq. (1), the result for the quantum efficiency as a function of wavelength
is

QE(}) = (1 - R(A)){ (exp(-ad) - exp(-at) + Dy [ ¥ D()) exp(-1d)

+ &(2) a exp(-ad) - v C() exp(rd) ] }/9o , (8)

3. Model Calculations

Equations (6), (7) and (8) can now be used to explore the effect of the condition of the back
surface of the CCD on the electron distribution and on the quantum efficiency. In particular, we can
now begin to investigate the effects of the electric field that can be built into the surface and the
surface recombination velocity. One of the major techniques of interest in treating the back surface
is ion implantation and laser annealing. If one assumes a boron implant with a laser anneal, the
reultant distribution has a roughly Gaussian profile. One can now make an estimate of the field.
Assume that the impurity profile is given by

aa = Aexp(-x?/0?) + Np )

and the field is given by
" E(x) = (kT/q) d(In(qp))/dx » (10)
= -(2kTx/qo?)(Aexp(-x?/0%)/qA) , ' (1)

Figure 4 presents a graph of E(x) and qp for a typical ion implantation dose and straggle of the
parameters and shows the value of the field that might be expected. It is clear that the field is not



constant. It should be pointed out that Eq. (11) is valid as long as the quasi-neutrality condition
obtains. In the model, E, is taken as an average field that spans the region of interest. Note that the
field is negative indicating that electrons will be driven towards the CCD wells.
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Fig. 4. Graph of the normalized impurity concentration and the normalized field due
to the impurity gradient as a function of the standard deviation of the impurity
distribution. The magnitude of the field at the peak, assuming quasi-neutrality, can
be > 10° V/cm. '

The effect of the surface recombination velocity on the electron distribution in the absence of any
extraneous electric field can be used as a check on the validity of the solution obtained above. The
results of calculations using Eqs. (6) and (7) are shown in Fig. 5. In the figure the normalized excess
carrier concentration is presented as a function of position with surface recombination velocity as the
parameter. The thickness of the undepleted region in the neutral bulk is assumed to be 5 um and the
excess carrier concentration is forced to zero at the edge of the depletion region. A wavelength of
600 nm was chosen which will result in some generation throughout the field free region. For s5 = 0
cm/sec the slope of the carrier concentration curve at the surface is zero indicating that the surface
has no influence on the distribution.

This does not imply that all the carriers will be collected because normal recombination takes place
within the field free region; however, we are not losing any signal electrons to the surface. Low
values of sq (< 10% cm/sec) do not affect the distribution significantly. A fresh, clean surface will
have a surface recombination velocity of between 102 and 103 cm/sec [10,11]. Values of s, between
104 and 108 have, however, a significant effect on the distribution.

The normal thinned surface is assumed to have a native oxide a depletion layer associated with it. In
this model such a depletion layer is treated as a positive field acting over some distance, . Figure 6
illustrates the results of calculations assuming a field of Eq = +10® V/cm and ¢ = 200 nm. The values
of the surface recombination velocity are the same as used to generate the curves in Fig. 5. Two
features are to be noted. First there is an accumulation of electrons at the surface. The field is
driving the photo-generated carriers towards the surface where they will recombine. Secondly, if one
compares the distributions for the same surface recombination velocity, the concentration in the field
free region is lower in every case. This will result in fewer carriers being collected and a lower
quantum efficiency.
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Fig. 5. Excess carrier concentration as a function of distance into the CCD for various
values of the surface recombination velocity. Conditions are: t = 20 gm, d = 5 ym,
Ey=0V/cm, A = 600 nm and o = 0 um.
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Fig. 6. Excess carrier concentration as a function of distance for selected values of the
surface recombination velocity. Conditions are: t = 20 pm; d = 5 pum,
Ey = +10%3 V/cm, A = 600 nm and o = 2x107% cm

Figures 7 and 8 illustrate the effect of a negative field on the distribution. The negative field is in
such a direction to force carriers away from the surface preventing them from recombining there.
This is the behavior we are anticipating and desire for an accumulated surface. Figure 7 illustrates
the condition assuming a field of -10% V/cm and various surface recombination velocities. The curve
for sy = 0 is the same as in Fig. 5. We note that for equivalent values of s, the distribution in the
field free region is increased and the surface concentration is lower. This reflects: the fact that the
field is driving carriers away from the surface into the field free region. These effects are enhanced
in Fig. 7 where we have assumed a field of Ey = -5x102 V/cm. Note in this figure that the.
distribution for s, = 10* cm/sec is virtually identical to the curve for s, = 0 except in the surface
region. In Fig. 6-8, the discontinuity in the slope of the carrier distribution at x = o is artificial and
is, of course, the result of assuming that the field drops abruptly to 0 at that point.

It should be noted that a moderate field (-5x10® V/cm) acting over a distance of 200 nm effectively
eliminates any effect of surface recombination for values of s, less than about 10% cm/sec.
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Fig. 7. Excess carrier concentration as a function of distance for selected values of the
surface recombination velocity. Conditions are: t = 20 ym, d = 5 pm, E, = 102 V/cm,
X =600 nm and o = 2x10°% cm.
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Fig. 8. Excess carrier concentration as a function of distance for selected values of the
surface recombination velocity. Conditions are: t = 20 pm, d = 5 pm, E5 = -
5x10% V/cm, A = 600 nm and ¢ = 2x107% cm.

Using Eq. (9), the model has be employed to explore the effects of various surface recombination
velocities and field/distance combinations on quantum efficiency. Figure 9 presents calculated curves
of quantum efficiency as a function of wavelength for different surface recombination velocities. In
the calculations it was assumed that the built-in electric field in the surface region is E, =
+103 V/cm, the same as was assumed for the calculations of Fig. 6. The curve of quantum efficiency
for sy = 0 is limifed at short wavelengths by reflection losses and agrees with previous calculations of
the quantum efficiency [12]. This is as good as one can do. At longer wavelengths some photons pass
thru the device and consequently can not contribute to the QE. As is expected, the quantum
efficiency drops as the surface recombination velocity increases. This is consistent with photo-
generated carriers being attracted to the back surface and recombining there. Furthermore, the effect
is much more dramatic for short wavelengths than for wavelengths longer than 800 nm. Again, this is
the expected result since for short wavelengths, as noted in the introduction, most of the carriers are
generated near the surface. For sy = 108 cm/sec the response at 800 nm is respectable while the
response at 400 has practically been eliminated.
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Fig. 9. Theoretical curves of quantum efficiency as a function of wavelength for
various surface recombination velocities. The conditions for the calculations are:
t=20 pum,d =5 pm, E; = +10% V/cm, X = 600 nm and o = 2x10-5 cm.

The effects of a negative field are investigated in Fig. 10. For these calculations the surface region
was assumed to be a region 50 nm wide. This is the situation one might expect for a very shallow B
implant and laser anneal. The surface recombination velocity of 107 cm/sec was used for the
calculations. As shown in the figure, to achieve a quantum efficiency that is limited by the reflection
losses requires a field of -5x104 V/cm. The higher field is required in these calculations because the
field is effective over a shorter distance. This effect is illustrated in Fig. 11 where the variation in
the quantum efficiency with the thickness of the surface region is investigated. The range of values
for o extends from 10 to 100 nm while the quantum efficiency at 400 nm increases from 1% to 50%..
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Fig. 10, Theoretical curves of quahtum efficiency as a function of wavelength for
various negative fields in the surface region.. The conditions are: t = 20 gm, d = 5
pm, sq = +107 cm/sec, A = 600 nm and o = 5x10°¢ cm.
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4. Experimental Results

The model has been used to perform a preliminary fit to the data for a device which was thinned and
which received the standard back surface enhancement treatment and standard anti-reflection coating.
The results of the fit and the data are shown in Fig. 12. The agreement is very good assuming E, = -
3x10% V/cm, s, = 4x10% cm/sec and o = 80 nm. These are all reasonable values for these parameters.
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Fig. 12. Measured values of the quantum efficiency for a device which had received a
back surface enhancement treatment and an AR coating. The solid curve is the
theoretical curve based on Eq. (9).

S. Summary

A simplified model for the quantum efficiency of the back surface of a thinned charge-coupled
device has been developed. The model is based on our current understanding of physics of what is
happening at the back surface and attempts to include the important features of the back surface in a



closed form solution. The CCD is divided into three regions: the surface region, the CCD well and
depletion region and a field free region which lies between the two. The simplifying assumption that
permits a closed form solution is to treat the surface region as a thin region with a constant electric

field. Any technique that is employed to enhance the back surface of the CCD whether it be a
surface charging or an ion implantation will produce an internal electric field. Typically this field
will be non uniform. In the model this complex field is represented by an average value which is
assumed to be effective over some characteristic distance. This assumption makes possible a simple
solution to the continuity equation that governs the distribution of excess carriers in the neutral bulk
of the device. The other important parameters included in the model are the surface recombination
velocity, which depends upon the details of the treatment of the back surface, and the electron
mobility and lifetime. Finally, the thickness of the depletion region and the thickness of ‘the thinned
device are also included.

Calculations of the excess carrier concentration using the model equations show exactly the behavior
that would be expected. For positive fields, which represent depletion of the back surface, we find
that the distribution of excess carriers shows an enhancement near the surface. Negative fields which
drive photo generated electrons towards the depletion regions produce distributions which clearly
show a deficit near the surface. Model calculations of the quantum efficiency show that large surface
recombination velocities significantly degrade the QE as does a positive field in the surface region.
The interesting observation is that only modest fields acting over tens to hundreds of nm are required
to ameliorate the effects of the surface recombination velocity.

Although much work remains to be done, preliminary fits of the mddel to real data of an enhanced
and AR coated device show promise. These efforts will be reported at a later time.
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Appendix A

The model begins with the continuity equation for electrons which must be solved in each of the two
regions (see Fig. :

an/8t = (1/q) VIa(x) + Gun(x) - Rag = 0 o (Al)
The electron current is
Jan(x) = ppn(x) E(x) + D, dn(x)/dx (A2)
= pnn(x) dE(x)/dx + pnE(x) dn(x)/dx + Dy d%6n(x)/dx? + Gn(x) - Ra (A3)
The generation rate and the recombination rate are given by
| Gn = ady exp(-ax) ’ (A4)
Rn = én(x)/7 | (A5)

where a is the wavelength dependent absorption coefficient, ¢, is the flux on the device and r is the
recombination lifetime.



The continuity equation must then be solved for two regions: the surface region, region 1, where the
electric field E(x) = Ey and the field free region, region 2, where E(x) = 0. The equations we need to
solve are:

d2sn(x)/dx? + (pn/Dn) Ey dén(x)/dx - én(x)/(Dnr) = - a¢;) exp(-ax)/Dq 0<x<o (A6)
and ‘

d2sn(x)/dx2 - 6n(x)/(Dnr) = - ag, exp(-ax)/Dn oc<x<d (A7)
The boundary conditions are:

x =0 (1 (q)J 1(x=0) = s 6nm1(x=0) : (A8)

or déni(x)/dx = ((sp - #n Eo)/Dn) 6n1(x=0) (A9)
X = Xd: énz(x=x4) = 0 (A10)

The first condition, Eq. (9), accounts for the physical condition of the back surface through the
surface recombination velocity. Equation (A10) reflects the requirement that if the electrons get to
the depletion edge they get collected in the CCD well. In addition, at ”

X=0: éni(x=c) = éna(x=0) : (Al1)
and
Ja(x=0) = Jp(x=0) (A12)
or
paEg 6n1(x=0) + Dpdény(x=0)/dx = Dndéng(x=0)/dx (Al13)

The last two conditions state that the electron concentration and the electron current must be
continuous between regions 1 and 2.

The solutions for the two regions are

. 6n1(x) = A exp(ux) + B exp(vx) + ¥ exp(-ax) 0O<x<o (Al4)
and
énz(x) = C exp(yx) + D exp(-9x) + £ exp(-ax) 0<X<Xqd (A15)
Where . ,
wy=-p = (82 + 42 (Al6)
B = (#nEo/(2Dn)) = (QE/(2kT)) (A7)
v =1/Ln = 1/v/(Dnr) (A18)
¥ = (adg)/(Dn(7? + 208 - o)) (A19)
¢ = (ap)/(Dn(7? - a?)) (A20)
and ‘
' n = -(so/Dn - 28). (A21)

Applying the boundary conditions one arrives at the solutions for the constants:



B= ¢ { [(a-28)exp(-a0) + U((v+n)/(p+n))exp(uo)] sinh(1(d-0)) }/X +
- £ { rlexp(-ao) + ((a-n)/(u+n))exp(uo)] cosh(2(d-0)) }/X +
+ 9 { 7lexp(-ao) - exp(yo)exp(-(a+7)d)] cosh(y(d-0)) }/X +
- ¥ { [cexp(-ao) + yexp(1o)exp(-(a+7)d)] sinh(y(d-0)) }/X,
X = { Afexp(vo) - (v+n)/(u+n))exp(uo)] cosh(n(d-0)) +
- ;#exp(va) - v((v+n)/(u+n))exp(uo)] sinh((d-0)))}.

Similarly,
D = B {exp(vo) - ((v+n)/(u+n))exp(uo)}/(2exp(-2vd)sinh(y(d-0))) +

¢ {exp(-ao) + ((a-n)/(u+n))exp(uo)}/(2exp(-21d)sinh(7(d-0))) +

- ¥ {exp(-ao) ~ exp(yo)exp(-(a+7)d)}/(2exp(-2vd)sinh(1(d-0)))
C = - D exp(-27d) - ¢ exp(-(a+y)d)

A = ¢ ((a-n)/(p+n) - B (v+n)/(u+n))

(A22)

(A23)

(A24)

(A25)

(A26)
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