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Investigation of Silicon Sensor Quality as a Function
of the Ohmic Side Processing Technology

P. Bloch, A. Cheremukhin, S. Golubkov, I. Golutvin, N. Egorov, K. Konjkov, Y. Kozlov, A. Peisert, A. Sidorov, and
N. Zamiatin

Abstract—Silicon sensors designed for the CMS Preshower before reaching the space region and do not contribute to the
detector must have a high breakdoworlllvoltag% in order to be fully leakage current.
efficient after irradiation to 2 x 1 n/cm? expected during ; ; ;
the ten years of large hadron collider operation (CMS ECAL Ar_10ther proc,tessm.g parameter, thielayer thickness, is also
Group, Bloch et al). Studies made by several groups (Bischofét c_rgmal. The thlcker it is, the less the charge generated at the
al., Evensenet al, Da Rold et al, Passeriet al, Li et al, Militaru  Silicon surface will be able to reach the space-charge zone by
et al) have underlined the importance of the p- side geometrical diffusion.
parameters, such as the metal width and the number and spacing  We expect the leakage current at voltages beyond full

of guard rings. We have in addition investigated the effects related depletion to be reduced, and the breakdown voltage to increase
to the ohmic side processing and found that the breakdown voltage . ) ! . ’
depends strongly on the thickness of the effective “dead”h layer. if we find a way to Incre_ase_ th_e thlckn_ess Of_thé fayer

By increasing this thickness from 1 to 2.5um, the fraction of and to decrease the carrier lifetime by increasing the dopant

sensors with breakdown voltage higher than 500 V increased from concentration.
22% to more than 80%. In addition, a thick n* layer protects We have investigated two methods allowing an increase of the
against defects caused by the technological treatment during i+ |aver thickness: diffusion and implantation with a diffusion
detector production and assembly. . . . .
annealing. They both give the desirable improvement, but for
Index Terms—Breakdown voltage, ohmic contact, radiation technijcal reasons (see Section Il) we concentrated on the second
hardness, silicon sensor. method. This method also enabled us to increase the phosphorus
atom concentration and to reduce the minority carriers’ lifetime,
|. INTRODUCTION but no measurements are available yet.

ILICON surface defects, crystal lattice distortions and un- In this paper, Section Il describes the two technologies, com-

aturated bonds, act as generation—recombination centg%.ed to a standard |mplantat|on, used in the past. In Section ll,
we propose a fast, nondestructive method for measurement of

Generated charge diffuses into thelayer and enters the space—he effective “dead” layer, which we define as a layer in which

charge region of a fully depleted sensor, thus contributing to the nerated char ¢ char in throuah it recombin
leakage current and reducing the breakdown voltage. € generated charge or charge passing throug eco es

An attempt to reduce the density of the crystal defects @pd _is lost. In S_ection IV, we present the obta_lined results. In
polishing the wafers on themside, followed by a chemical ection V, we give a summary and the conclusions.
etching, was unsuccessful. Single- and double-sided polished
wafers were processed in the same run, and the average leakage [I. OHMIC CONTACT TECHNOLOGY
current and the breakdown voltage were the same for bot

groups of SENsors [2]. . . 'brY ion implantation or by diffusion. Implantation is a fast
The quantity of charge carriers that diffuse to the depletlornethool but gives shallow<(l ;im) contacts with a maximum
region depends on their lifetime and on the diffusion length. Th Spant concentration of less thard @m—2

longer the lifetime and the diffusion length, the more the chargeContacts made by diffusion have higher dopant concentras-

will be able to reach the space charge region and ConmbUtetitc())ns and can have a depth reaching,8, but they require a
the leakage current.

very long, high-temperature process.

The dlﬁu3|on length and the lifetime of minority carriers are We developed a third method for making the ohmic contact
a strong function of the phosphorus atom concentration. Ip—

creasing this concentration from *¥0to 10?° cm~2 decreases hat is a combination of the two, which we cafplantation

the lifetime by two orders of magnitude to below 500 ps [10]. ith diffusion annealingit does not require a long, high-tem-
oo . . P . _Perature process. The parameters used in this process are listed
Minority carriers (holes) with such a short lifetime recombin

ih Table I, together with the parameters of standard implantation
and diffusion that we used to produce our samples.

hSilicon sensors used in high-energy physics are made either
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TABLE | a) s
PARAMETERS CHARACTERISTIC FORSTANDARD |IMPLANTATION, Aew Be
DIFFUSION AND IMPLANTATION WITH DIFFUSION ANNEALING . o .
l ™1 *-‘ % L rag
7 T Fimplant” |
Tmpl. sumitiom  nbulk 80, Do
Stand. with N n* implant
implant Diff. . £ = }
L diff.
ation ann. Ce
b
E (keV) 100 100
Fluence 15 17 15
. , 3x10 1.5%x1017 | 6x10 A Be 1.8 mm
(ions/cm?) 4 ¢
7 b
Rg 40 1.3 30 f 0.1 mmT
(Q/square)
A
Annealing 0.5h 7h 3h —
time and temp. | 900°C | 1100°C | 1100°C windows in Al
Gas N, PCl, ' Ny+O, Fig. 1. Setup for measuring the effective “dead” layer thickness using an
source. (a) Cross-section along a strip. (b) Top view of an element of the sensor.

Ill. EFFECTIVE“DEAD” L AYER MEASUREMENT

The secondary ion mass spectrometry (SIMS) method is a TABLE I
precise way of measuring the concentration of elements, but IDIFFERENTIAL ENERGY LOSS INSILICON AND ALUMINUM AND RANGE IN
s . s . . 226
has three drawbacks: it is very expensive, it is destructive, and SLICON FOR FOUR ENERGIES OFa PARTICLES FROM *°Ra SOURCE

it only gives the concentration of atoms without indicating their E@)
electrical activities. Only electrically active dopants are effec- (MeV) 4781 | 5486 | 6.00 | 7.688
tive as generation—recombination centers.

We have developed a fast, nondestructive method of mea- dE/dx(Si) 1535 | 1392 | 1314 | 1113
suring the thickness of the effective “dead” layer. It relies on (keV/um)
a precise measurement of the energy lost by particle in sil- dE/dx(AD 171.6 | 1554 | 1479 | 123.8
icon and on comparing it with a calculated value. (keV/pm)

Range in Si 23 28 32 47

A. The Setup (um)

The measurements were made using an Amptek 250 preampli-
fier and shaper with a shaping time of 500 ns and an equivalent i
noise charge of about 800 eThe electronics chain, including czrnersf,.t'r:he?rei tw7o ffatulrt?rs] airrf k?}?\’\g‘ :obrredtge\fvhnevfleltld atthe
a 12-bit analog-to-digital converter (ADC), was calibrated usin% ge ot the strip [71, esuiting in a higher breakdown voltage.

A series of four guard rings surrounds the active strips. Their

testpulses. The conversionfactorwas 2.2 keVforone ADC Coumjmber width. and spacinas were optimized to have a uniform
The measured energy resolution was 30 keV. ! ' P 9 P

We used thd2Ra o source with four lines at 4.781. 5.486 gradient of the field. The guard rings are left floating during the
6.00, and 7.688 MeV. measurements.

B. The Sensors C. The Method

The measurements were made with silicon sensors designeﬁn @ particle gptering_ th.e sensor .Ioses energy in th? alu-
for the CMS Preshower [2]. They have a total volume 063 minum, in the silicon dioxide, and in the depleted silicon.
63 x 0.3 mn?, with 32 p* strips, 1.8 mm wide, with a gap Charge generated in al_uminum, _in Si@nd _in the implanted
between them of 0.1 mm. Fig. 1(a) and (b) shows schematica{ er, " or p*, recombines and is lost, while charge released

the cross-section along a strip and the top view of an element the space-charge region is de':(ected_. - ioned
the sensor, respectively, Three measurements were taken with the source positione

The aluminum lines are dc connected to the jmplant on top of the aluminumA in Fig. 1), on top of the opening in

through an array of feedthroughs. They have openings><l.5the_""“"min“r_n £), and on _the ohm_ic si_deﬁ_(). The source was
2 mn?, designed for tests with an infrared laser. The desigﬁ?}”'mated with a 1-mm-thick plastic foil with a 1-mm-diameter

value of the g implant thickness is 0.8m. The oxide between le. . .
the pt implant and the aluminum is 0.2m thick and the The energiess(A), E(B), and E(C), measured with the

aluminum thickness is 0.8 0.1 um on both sides of the source positioned inl, B, andC, are

Sensor. _ B e B .
The junction side was designed following the rules to obtain a A) = E(a) AE(p+) AE(A!) AE(SIO,) (1)
high breakdown voltage. The aluminum strips arg20wider E(B) =E(a) — AE(PT) — AE(SIO,) 2

than the g implants, and all strips and guard rings have rounded ~ E(C) = E(a) — AE(nT) — AE(Al) 3)
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Fig. 2. Thickness of effective “dead” layer for thés implant of the three different technologies for the Al strip metallization and for thamd SiQ layers.

where E(«) is the total energy of the particle\E(p*) and IV. PRODUCTION RESULTS
AE(nt) are the energy lost in thetpand n™ implants,

g . ! , The results presented in the previous section show that one
respectivelyAE(Al) is the energy lost in the aluminum, and P P

NG _ . can obtain a relatively deeptnlayer in a process that is less
AE(SIG) is the en_ergy lost |n.the oxide. time- and power-consuming than the diffusion. We expect that
The energy lost in the aluminum can be calculated from (1bnsors produced using this technology would suffer less from

and (2). Using the differential energy 0ss in aluminum, listeg, . pjane injection and would have a higher breakdown voltage
in Table Il for four« particle energies [10], [11], one obtains aan those produced by standard implantation.

average thickness of about Qum, in good agreement with the 14 series of 50 and 60 sensors were produced using a stan-

specified 0.8£ 0.1pm. o S dard implantation method and implantation with diffusion an-
The energy lostin the silicon dioxide and in tiie implanted nealing with the resulting effective “dead” layer thicknesses of
layer is obtained from (2). To calculate the total thickness gfq 2.5um, respectively. The junction side was processed in
these two layers, we assume that the differential energy IoS%’;[hcﬂy the same way on both groups of sensors. Their geom-
SiO;, is the same as in the silicon. This assumption is justifie&ry was described in the previous section. They were made on
by the fact that the differential energy loss i @nd the den- 3 3 tg 4 K2cm substrate produced by Topsil. The full depletion
sity of SiO, are very close to those of silicon. We obtain th%oltage of these sensors was between 80 and 100 V.
total thickness of Si@ + p* of about 0.5:m, which corre-  The sensors were processed in several small batches of 12-13
sponds to 0.2um of SiO, and 0.3um of p* as expected (seeyafers. About 10% of wafers were lost due to mechanical de-
Section I1I-B). fects during production and/or cutting. Our earlier studies of the
Once one knows the energy lost in the aluminum, the thicltmction side processing showed that the breakdown starting at
ness of the effective “dead™nlayer can be directly calculatedthe p* side is characterized by a very steep current increase ac-
from (3), using thel £//dx(Si) values from Table II. companied by microdischarges, clearly visible with the naked
Calculating the energy lost in the aluminum, in silicon andye in a dark room. To be able to compare the effects of the
in the silicon dioxide, we assume that the energy@farticles n-side processing only, we rejected sensors showing microdis-
is constant. This assumption is justified by the fact that thesharges on the P side, about 30% for both groups. The re-
media are thin and that the energy loss is relatively low comraining 60% of sensors, 30 and 36 for 1 and 2B, respec-
pared to the total energy of theparticle (3.2% for the lowest tively, are the subject of this study.
energy) (see Table I1). Figs. 3 and 4 show the total leakage current as a function of
The measurement was made on four samples: one produb& voltage for the standard implantation and for implantation
by standard implantation, one produced by diffusion, anith diffusion annealing, respectively. The measurement was
two produced using the implantation with diffusion annealinmade at 20°C and a relative humidity of about 50%. The bias
method. voltage was applied to the ohmic side, and all the strips were
Fig. 2 shows the thickness of the effective “dead”and p- grounded. The voltage was changed in steps of 25 V with aramp
layers, obtained from (2) and (3). One sees that the measwabout 50 V/s.
ments at four different energies of particles give consistent One sees thatalthough the average current atthe full depletion
results among them. Fig. 2 also shows the thickness of the aloltage is about 100 nA for both groups of sensors, there is
minum layer and the combined thickness of Siéhd the g a big difference in the breakdown voltages between these two
implant. technologies.
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Fig. 3. Total leakage current form-thick effective “dead” i layer sensors
produced by standard implantation.
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Fig. 4. Total leakage current for 2/om-thick effective “dead” i layer
sensors produced by implantation with diffusion and annealing.
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Fig. 5. Breakdown voltage histogram for sensors produced by standard
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Fig.6. Strip current (for 32 strips) as a function of bias voltage for two sensors:
(a) with 1 zm and (b) with 2.5:m of n* layer.

backplane with a diamond. This exercise produced an increase
of the current similar to those in Fig. 3.

In view of the arguments presented so far, we are pretty con-
fident that the improvement is due to the difference in the back-
plane processing technology.

Sensors with a thickernlayer also have a more uniform dis-
tribution of current across the strips. Fig. 6 shows typical results
of the strip current as a function of voltage for two sensors from
the groups described above: (a) sensor witharillayer and (b)
sensor with a 2.%:m layer. The sensor in Fig. 6(a) was tested
up to 500 V only because of the high current of one strip. The
higher quality of the sensor with a 2,6n nT layer is clearly
visible.

V. SUMMARY AND CONCLUSION

implantation (open symbols) and by implantation with diffusion and annealing

(close symbols) with 1- and 2/mm effective “dead” layer thickness,

respectively.

We have investigated the quality of silicon sensors as a func-
tion of the ohmic side processing. We found that a deefager
prevents the charge generated at the silicon surface from dif-

Fig. 5 shows the breakdown voltage, defined as the voltagdasing into the space-charge region at high voltages. The resultis

which the relative current increagel/AV > 1 pAlV, for both

a higher breakdown voltage compared to a thidayer. A thick

groups of detectors, measured up to 500 V. The improvemdsyer can be produced either by diffusion—a long and high-tem-

obtained with the thickerhlayer is clearly visible.

perature process—or by implantation with diffusion annealing,

To further convince ourselves that the difference in thequiring a shorter high-temperature step. Using this method,
leakage current for the two groups of sensors comes from the obtain an f layer thickness of 2.5m, and more than 80%
nt side processing, we simulated a defect by scratching tbesensors have a breakdown voltage higher than 500 V.
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