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SILICON RADIATION DETECTORS WITH OXIDE CHARGE STATE COMPENSATION 

J. T. Walton and F. S. Goulding 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 94720 U.S.A. 

Abstract 

I This paper discusses the use of boron implantation 
on high resistivity P-type silicon before oxide growth 

, to compensate for the presence of charge states in the 
oxide and oxide/silicon interface. The presence of 
these charge states on high resistivity P-type silicon 
produces an inversion layer which causes high leakage 
currents on N+P junctions and high surface conduc­
tance. Compensating the surface region by boron 
implantation is shown to result in oxide passivated 
N+P junctions with very low leakage currents and with 
low surface conductance. 

Introduction 

The recent popularity of silicon strip detectors 
for particle physics applications has resulted in con­
siderable interest in the properties and performance 
of oxide-passivated planar diode structures(l). 
Proposed large arrays involve detector strips 10 to 
50 ~m wide, 1 to 2 cm long, separated by a surface 
covered by silicon dioxide 10 to 50 ~m wide. A high 
inter-strip resistance (surface conductance < 5 x 
10-9 S/o) is required to reduce signal interactions 
between the strips, while low leakage currents « 10 
nA/cm-2) are desirable to minimize the noise and 
power consumption. Furthermore, the detectors should 
be stable, largely independent of ambient conditions, 
and should exhibit good radiation tolerance. 

At present most sil icon strip detectors are based 
on the oxide passivated P+N diode structure shown 
schematically in Fig. 1a. The p+ region is formed 
either by boron ion implantation or by diffusion 
through a hole etched in the silicon dioxide. The 
silicon dioxide not only serves as a mask for the 
implantation or diffusion, but also serves as protec­
tive layer for the P+N junction edge against ambient 
effects. 

N SILICON 

ACCUMULATION 

(N TYPE SURFACE) 

(A) 

+ CONTACT 

INVERSION 

(N TYPE SURFACE) 

(B) 
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Fig. 1. A schematic representation of the P+N and 
N+P diode structures. The electrons which are 
attracted to the Si/Si02 interface are shown as a 
heavy line in the figures. 

The alternative N+P structure, shown in Fig. 1b, 
can be made by implantation or diffusion of phosphorus 
or arsenic through the oxide mask into the high resis­
tivity bulk P material. Again the silicon dioxide 
acts both as a mask and a passivating layer. 

While the P+N structure has yielded devices with 
very impressive characteristics(Z), the alternative 
N+P structure has not been employed on strip detectors 
due to the generally higher leakage currents and lower 
inter-strip resistance. The N+P structure does, how­
ever, offer the possibil ity of improved radiation 
resistance. For thin silicon detectors, the important 
radiation damage effects are the increase in leakage 
current and the conversion of the bulk material to P 
type with increasing fluence(3). The increase in 
the acceptor-like centers leads, in the P+N device, 
to the eventual conversion of the N bulk material to P 
type and the failure of the detector. For N+P devices 
an increase in the acceptor concentration results in a 
higher voltage being required to fully deplete the 
device. In addition, the "damage constant" which 
relates the increase in leakage current due to the 
fluence, is about a factor of five lower for P-type 
silicon than for N type. For these reasons it is 
therefore important to investigate the N+P structure 
as an alternative to the present P+N devices employed 
on strip detectors. 

The silicon dioxide passivation on both of these 
structures contains positive charge centers, and the 
presence of these charge centers causes the substan­
tially higher leaka~e currents and lower inter-strip 
resistance on the N P structures than on similar 
P+N designs thereby obscuring a comparison of device 
radiation tolerance. 

In this paper we describe a procedure for compensa­
ting these oxide charge centers thereby enabling N+P 
diodes to be fabricated with leakage currents and 
inter-strip resistances similar to the P+N structures. 

N+P Junctions 

The Si/SiOZ System 

Commercial interest in the characteristics of the 
Si/Si02 interface that occurs in metal-oxide-semi­
conductor (MOS) structures has resulted in this being 
perhaps the most thoroughly studied and best understood 
solid phase system(4). The model(5) that has evolved 
to describe the charge effects in this system is shown 
in Fig. 2. While a complete review is well beyond the 
scope of this paper, salient features can be high­
lighted. Four kinds of charge centers have been iden­
tified: mobile ionic charge, oxide trapped charge, 
fixed oxide charge, and the interface trapped charge. 
With careful attention to processing, only the fixed 
oxide charge density, Nf, and interface trap density, 
Dit, are of importance in detector fabrication. 
Methods for characterizing these charge centers are 
well developed and representative values that we have 
measured for two different oxide growth conditions on 
[111] orientation sil·icon are given in Table 1. 
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Tabl e l. Oxidation Conditions and Oxide Parameters 

Oxide growth °it Nf 
conditions (cm-2 eV-1) (cm-2) . 

Steam: 
120 minutes at 1000·C 1 to 4xlOll 2 to 3x1011 
Oxygen + Cl: 

1060·C 8x101O 2x1011 180 minutes at 4 to 1 to 

(;;:\ MOBILE IONIC V CHARGE 

OXIDE @ 
TRAPPED 
c.CHARGE FIXED OXIDE 

~_~_~ <:~~~G:~!l 
+ + ++ + + SiOX 

Si 
INTERFACE 

TRAPPED CHARGE (0 IT) 

XBL 8312-4709 

Fig. 2. A model of the oxide charges present in the 
Si/Si02 system(5). 

Surface Inversion 

Both of these oxide charge centers, Nf and Oit, 
are normally positive which attracts electrons to the 
Si /Si02 interface. If their density is sufficiently 
large, these centers can cause the electron concentra­
tion at the silicon surface to exceed the bulk impurity 
concentration and consequently, in the case of high 
purity P-type silicon, cause the surface to become N 
type (i.e., to i.nvert). The oxide charge density 
No, required to cause this inversion is given by(6), 

where Ai is the intrinsic Oebye length (Ai = 28 ~m 
at 290 K), n~ the intrinsic carrier concentration 
(ni = 1 x 1010 cm-3 at 290 K), and NA, the acceptor 
impurity concentration in the P-type sil icon. This 
relationship is plotted in Fig. 3. 

(1) 

The resistivity range used to fabricate radiation 
detectors on P-type silicon is 10 ohm-cm to 20 K ohm-cm 
which allows fully depleted 10 ~m to 500 ~m thick 
devices to be operated with a bias voltage of about 
100 volts. However, as was noted earlier, the fixed 
oxide charge density and the interface trap level 
density are in the 1011 cm-2 range. Consequently 
it can be seen from Fig. 3 that for oxide passivated 
detectors fabricated on P-type silicon in the above 
resistivity range, the surfaces will be N type. This' 
surface inversion causes high leakage currents on N+P 
devices as the junction does not terminate at the 
metallurgical boundary, but extends across the surface 
thereby allowing the injection of carriers into the 

bulk. Further, for N+P strip detectors, this N sur­
face result~ in a low inter-strip resistance since the 
surface structure is N+NN+. 

P TYPE RESISTIVITY .oem 

10' 1---'-'...J...J..Lu.Lj_L....J....1...L.1J..U.l.---'---'-"UJ.I.L.4-:--'-...L..J..1.J.JJ4:':---'-.1-Wu..LL4 
lOU 10 12 10 13 1014 1015 1016 

ACCEPTOR CONCENTRATION em-3 (N A) 
XBL66\O-3806 

Fig. 3. The oxide charge density, No, required to 
cause the inversion of P-type cryst~l surface as a 
function of the acceptor concentration in the crystal. 

Junction Breakdown Voltage 

The presence of this N surface was noted in early 
publications on oxide-passivated N+P junction 
devices(7) and a light P diffusion was used prior to 
the oxide growth to compensate the surface(8). Since 
a typical oxide charge surface density is about 1 x 
lOll cm-2, Fig. 3 indicates that a P-type'bulk con­
centration Of greater than 1 x 1015 cm-3 is required 
to prevent inversion of the surface. However, the 
junction breakdown voltage is, also dependent on the 
bulk impurity concentration. The relationship between 
the breakdown voltage (abrupt jUDction) and th~ bulk 
resistivity is shown in Fig. 4l g). For device oper~­
tion of 100 volts, this figure suggests that an upper 
limit on the bulk impurity concentration is about 5 x 
1015 cm-3• Therefore from Figs. 3 and 4 and for 100-
volt operation, the concentration of the surface com­
pensating impurity, Ns ; should be in the range: 

1 x 1015 < Ns < 5 x 1015 cm-3• (2) 

Control of dopant impurities to tnis'preclslon 
using a diffusion process is difficult and therefore 
N+P devices are rarely-made with this technique. 
However, 'implantation allows precise impurity ,control 
and in the following we describe our results using 
boron implantation to compensate the oxide charge 
states. 

Process Modeling 

The surface concentration of interest is that 
present after implantation and oxida~ion. 'We there­
fore employed ,the process modeling program, SUPREM(10), 
to examine the results of various processing sequences. 
Figure 5 shows a representative result from this 
program. 'Here the impurity concentration is plotted 
as a function of depth for an implanted dose of 5 x 
lOll boron cm-2 at 25, 65, and 100 keV with a sub­
sequent oxidation (100 min at 1000·C in steam followed 
by 60 min at 1060·C in dry 02 + 3% HC1). As can 
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be seen from the figure, the boron impurity concentra­
tion at the Si/Si02 interface is 3 x 1015 cm-3 and 
the concentration profile is flat for approximately 
1 ~m into the silicon from the interface. Since the 
extrinsic Debye length at an impurity concentration of 
3 x 1015 cm-3 is 0.065 ~m, the high resistivity 
bulk silicon is effectively screened from the oxide 
interface. 

P TYPE RESISTIVITY Oem 
10-1 10' 

10'~~----~------~----------,-----------~ 

10°L-~LU~~~~~ll-~~~W-~~~~~~~~ 

1014 1015 1016 1017 1018 10 19 

ACCEPTOR CONCENTRATION em-3 (NAl 

Fig. 4. The breakdown voltage for an abrupt junction 
as a function of the acceptor impurity concentration. 
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Fig. 5. The boron implantation profile (calculated 
with SUPREM10) in the oxide and P-type silicon after 
oxidation. 

For an initial comparison of the device perform­
ance with and without oxide charge state compensation, 
we have fabricated diodes using our conventional phos­
phorous diffusion process to produce the N+P junc­
tions. Of course the presence of the compensating 
boron implantation changes the phosphorous doping 
profile as compared with diodes lacking the compensa­
tion. The extent of this change is shown in Fig. 6 
where the profiles (from SUPREM) are plotted for the 
phosphorous diffusion with and without the compensat­
ing boron. As would be expected, the presence of the 
boron steepens the phosphorous profile and in effect 

makes the N+ contact "window thickness" smaller than 
it would be otherwise. 
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Fig. 6. The phosphorous diffusion profile (calculated 
by SUPREM10) with and without the compensating boron 
implantation. 

Results 

The results to be discussed are on devices which 
have the structure shown in Fig. 7 where the dopant 
profile in the bulk silicon for the cross-section at A 
is given in Fig. 5 and the profile at B is given in 
Fig. 6. Briefly, the processing sequence employed is 
as follows: 

a) Boron implantation into a chemically-polished 
wafer, 

b) Oxidation, 
c) Oxide mask and etch, 
d) Phosphorous diffusion, 
e) p+ contact on the opposite face. 

The final processing step, e), is neither shown in 
Fig. 7 nor in the profiles. We normally employ a 
boron implantation dose of 2 x 1013 cm-2 at 25 keV 
with an anneal at 800·C for 30 min followed by a gold 
evaporation to form this p+ contact. 

A B 

N+ DIFFUSED REGION 

SILICON DIOXIDE 

BORON IMPLANTED 
SILICON 

P TYPE 
BULK SILICON 

XBl 8610-3802 

Fig. 7. A cross-section of an oxide charge-state 
compensated device. 
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Current-Voltage Measurements 

Representative current voltage characteristic for 
5 mm diameter test devices fabricated on 4'k ohm-cm 
P-type silicon using the preceding processing sequence 
is shown in Fig. 8. For comparison, the published 
leakage current curve(ll) for a similar sized P+N 
diode is also shown in the figure. As can be seen, the 
leakage currents of the two structures are comparable. 

<" 
-=-
~ 1.0 
U.I 
iii: 
iii: 
::;) 

U 
U.I 
CI 
< :.: 
< 
U.I 
...J 

0.1 L-_-'-________ .L-_______ ..I 

10 100 

BIAS VOLTAGE 
XBL 8610-3803 

com-
Fig. 8. A comparison between the leakage currents of 
a 5 mm diameter N+Pdevice with oxide charge state 
pensation and that of published P+N device(2) of 
similar size. 

Surface Conductance 

As noted in the introduction, the effective sur­
face conductance on the N+P diode structure needs to 
be low if this technology is to be applied to the high 
energy physics multi-strip detectors. Measurements on 
strip detectors, made using the process described 
here, with N+ diffused strips separated by a 100 vm 
wide and 2.5 cm long Si/Si02 surface region yielded 
an effective surface conductance, when biased at the 
operating ,voltage, of 1 x 10-11 SID which is consider­
ably lower than the 5 x 10-9 SID design goal given 
in the introduction. 

Radiation Tolerance 

For the reasons noted earlier and because of the 
screening by the boron implantation of the high resis­
tivity bulk from the oxide interface, we expect these 
N+P devices to have good tolerance to radiation damage. 
Preliminary results of exposing some samples to 1 x 
1012 cm- 2 thermal neutrons are shown in Table 2. 

Table 2. Neutron Irradiation Effects 

Before After 
Irradiation Irradiation 

I 10 V (nA) 3.5 51.2 
I lOOV (nA) 6.8 125.0 
Dit (cm-2 eV-1) 1.,5 x lOll 1.8 x lOll 
Nf (cm-2) 1.2 x lOll 1. 2 x lOll 
L (v s) 330 28 

Assuming that the entire leakage current is due to 
bulk generation, the effective minority carrier 1 ife­
time, T, listed in Table 2 was obtained from the leak­
age current, 1,(12) 

qn
i 

WA 
I = ---zT 

where q is the electronic charge, W the depletion 
depth and A the device area. From Table 2 the oxide 
parameters Dit and Nf appear to be relatively 
unaffected by the irradiation. We have therefore mad= 
the simplifying assumption that the increase in leak­
age current is solely due to a decrease in the 
minority carrier lifetime in the bulk. However, the \ 
surface generation velocity was not measured on these l 
devices and a change in this parameter would affect 
the leakage current and therefore, the estimated, 
carrier lifetime. 

The neutron dose did not change the acceptor 
concentration in these devices as the depletion 
voltage was the same before and after irradiation. 

Discussion 

The use of a shallow boron-implanted layer to 
compensate for the effects of the oxide charge states 
has been demonstrated to yield N+P structures with 
low leakage currents and low surface conductance. 
Several areas need further examination before this 
techhique can be applied on a large scale to the 
fabrication of detector arrays: 1) The dependence of 
the surface compensation on subsequent processing 
steps requires further study. For example, improve­
ments in device leakage current may be realized by 
using an arsenic implantation with a stepped oxide(13) 

, to form the N+ contact. But this may require a dif­
ferent boron profile than was reported here. 2) The 
radiation tolerance of these devices needs'consider­
ably more examination. The radiation damage results 
presented illustrate that better characterization of 
the interface state properties(14) is required t6 
separate the rad i at i on effects in the bu 1 k and at the 
surface of these devices. 

Conclusions 

It has been demonstrated that a Shallow, low dose 
boron implantation prior to oxidation can be used to 
compensate the charge states that occur at the 
Si/Si02 interface. With this method, N+P diodes 
with characteristics similar to P+N devices are 
realizable. This technique should allow a valid com­
parison to be made between these two structures as to 
their relative superiority for the fabrication of the 
large arrays of strip detectors that are proposed for 
many high energy physics particle tracking schemes. 
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