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SECTION I

INTRODUCTION

Extrinsic silicon has recently received renewed interest as an

infrared detector material for Air Force applications. This is the result

of a desire for arrays of detectors of a material which allows the incor-

poration of the signal processing electronics on the detector chio. Such

a material would avoid the requirement for separate detectors and electronics

and for the interconnects between them. The existence of a highly develooed

technology for the fabrication of integrated electronics on silicon is t.e

main point in favor of using silicon for these detector arrays. For this

application, a silicon dopant is required which is photosensitive within

the desired spectral range, has a sufficiently high quantum efficiency,

and permits the highest possible temperature for photon background limited

operation.

Thallium provides a near ideal match to the 3-5 micron spectral

window in the atmospheric absorption (Reference 1). Also, thallium has

a high theoretical detectivity, a high theoretical background-limited

operating temperature (90 K), and a low diffusion coefficient compared to

the 30 other dopants in silicon screened by Sclar for possible use in the

3-5 micron range. Its only identified drawback is that for doping techniques

attempted so far the thallium solubility in silicon is limited to the 1015

lol6 -3
cm range (Reference 1).

Interest in thallium doped silicon (Si:TI) has been minimal due to thelow l slublity3 7x l17 -3
low Tl solubility, 3.7 x 10 cm at 11051C (Reference 2). This low

solubility has made optical measurements difficult and has resulted in TI

being the least optically studied group IlIA impurity in silicon (Reference

3). Also, the low concentration of acceptors attainable has resulted in

very high resistivity which has hindered electrical measurements. Because

of its high potential, further research was needed to determine the

suitability of Si:Tl as a detector material. Ion implantation provided

an alternative to the largely unsuccessful conventional techniques of

growing appropriately doped Si:Tl.
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1. OBJECTIVE OF THE RESEARCH

The purpose of this research was to investigate the properties of

ion implanted Si:Tl for application as a detector material in the 3-5

micron spectral range. The important parameters considered were the

concentration of electrically active thall,m impurities, the mobility

of the doped material, the ionization enerry of the acceptor, and the

optically active concentration of TI. In order to fully characterize

Si:Tl, these properties were measured for various Ti concentrations and

annealing parameters.

Prior electrical and optical measurements had been made on melt-

grown (Reference 4-7) and diffused (References 3 and 4) Si:Tl material.

These techniques have the disadvantage that only very low concentrations

of Ti can be introduced into silicon, less than 5 x 1016 cm"3 to date.

Also, the final TI concentration is difficult to control by these methods

and the concentration of Ti cannot be varied from wafer to wafer by the

nelt-growth technique. However, an efficient method by which to introduce

precisely determined amounts of impurities into a material is ion im-

plantation (Reference 8). This technique permits the selection of the

impurity concentration to be studied for each silicon wafer and also

produces higher impurity concentrations than are available by other doping

techniques. Therefore, ion implantation was selected as the primary

method of preparing samples for this research. The theory of ion im-

plantation and the specifics of the sample preparation are given in

Section II.

2. OVERVIEW OF THE RESEARCH

Luminescence was used to monitor the defects introduced by the

implantation and the optical activation of the Ti dopant. Luminescence

has not been previously used to study implanted dopants in Si. It turns

out to be an ideal method for this since the annealing of defects intro-

duced by the implantation can be studied at the same time as the optical

activation of the dopant. The defects introduced were found to be the

same as in previous work implanting light ions. A new Ti related peak

was discovered in the Tl bound exciton spectrum. This was confirmed by

2
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luminescence from a bulk grown Si :Tl sample. The results of these

measurements are presented and discused in Section III.

The electrical properties of Si:Tl were determined using the van der

Pauw technique for Hall-effect measurements. Since the electrical

characteristics vary with depth, this has not been a very effective

method for studying implant layers. However, this study shows that the

ionization energy and mobility can be determined for implant layers by

making temperature dependent measurements in compensated temperature

regions. The implant layer was electrically isolated from the substrate

by a p-n junction formed by implanting p-type into n-type Si. It is shown

that the leakage current through the p-n junction formed by the implant

layer and the R /R ratios should be monitored when using this technique.a b
The sheet carrier concentration was used to qualitatively evaluate the

effects of sample orientation, energy of the implant, and thermal anneal

temperatures. The first Si:Tl ionization energy and mobility results

determined from Hall-effect measurement of ion implanted layers are

reported. Hall-effect theory and results are given in Section IV.

Rutherford Backscattering (RBS) and Secondary Ion Mass Spectrometry

(SIMS) results are included in Section V. They confirm that Tl is contained

in the regrown Si after annealing and that the disorder created by im-

plantation is nearly all removed.

3
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SECTION II

BACKGROUND

1. ION IMPLANTATION

Ion implantation is a method of selectively introducing atoms into

the surface layer of a solid by bombardment with energetic ions (References

8 and 9). Since the number of implanted ions is controlled by the implant

system rather than the physical properties of the substrate, species can

be studied which cannot be introduced into semiconductors by conventional

means such as diffusion. The important parameters for implanted semi-

conductors are the range distribution of the implanted atoms, the amount

and nature of the lattice disorder created, the lattice location of the

implanted atoms and ultimately the electrical char3cteristics of the

implant layer after subsequent annealing (Reference 8).

a. Range Distribution

The position where an implanted ion comes to rest is a function

of its energy on impact. The total distance it travels through a solid

is called its "range" and the projection of this distance onto the

direction of incidence is called (Reference 9) the "projected range" (see

Figure 1).

When the impinging ion is aligned with a major crystallographic

direction (typically (111), (110), or (100)) it sees an open "channel"

in the lattice (see Figure 2). Since it suffers only minor glancing

collisions as it travels down the channel, it will penetrate much farther

into the crystal than an ion incident along a random direction. By

purposely misaligning the beam from the major crystallographic directions,

the ion beam will see a nearly random target. This was the case for all

samples used in this study. For this case with no channeling, the range

distribution is roughly Gaussian and can be characterized by a mean pro-

jected range R and a standard deviation AR from this mean (Reference 8).

P P
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a isT anc e 1 0C cr s al

target
surface

Figure 1. Projected Range

Channeled 'L9S-981)

0-0.4 XA (forbidden region)

Figure 2. Beam Channeling when the Incident Beam is Parallel
to a Major Crystallographic Direction

5
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The concentration of impurities as a function of depth will then be given

approximately by

N. (x- R )

N(x) = 42w Rpe x p [ 21 R 2

p
(1)

where N. is the implant dose (ions/cm 2). The peak concentration N of1 max
the implanted species can be estimated by (Reference 9).

0.4 N.
N 1
max % Rp(2)

In practice, it is nearly impossible to avoid all effects of channeling

in a crytalline in a crystalline target, because atoms entering in a random

direction can be deflected into a channeled direction. These few "channeled"

atoms form a deep "tail" beyond R and become important when consideringP
the electrical characteristics of the implant layer. For example, the

electrical characteristics of the implanted p-n junction are determined

by the implantation profile in the region where the dopant concentration

is comparable to the background level in the substrate (Reference 8). If

the p-n junction occurs in the tail region, then rather than being abrupt

as desired, the junction will be extended and will be adjoined by high

resistivity regions on both sides which will strongly influence the

electrical characteristics as shown in Section IV.

Lindhard, Scharf and Schiott (LSS) developed a theory to predict the

range distribution of implants. This theory is thoroughly discussed by

several authors (References 8-11) and has been shown to match experiment

quite well. Tables have also been compiled giving Rp and ARp calculated

from LSS for most implants in silicon. The values for Tl implants in Si

at the energies used in this study are given below (Reference 12).

Implant Energy Projected Range Standard Deviation

280 key 869 213

560 key 1516 366

6
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b. Radiation Damage

One of the severest limitations of ion implantation is the

crystal disorder or radiation damage resulting during the implantation

process. Radiation damage occurs when an energetic particle imparts

enough energy to a lattice atom to displace it from its normal site.

An implanted ion loses energy by two processes (Reference 13):

(1) Excitation of the orbital electrons of the ion and lattice atoms

resulting from inelastic collisions with the atoms and (2) elastic collisions

involving the screened nuclei of the ion and atoms. Only the latter

nuclear collisions create lattice disorder around the ion track resulting

in radiation damage effects (Reference 8). The energy required to displace

an atom from its normal lattice site is known as the displacement energy.

The implanted ion makes very many violent collisions with the atoms of the

crystal before it comes to rest. Each displaced atom will act as a

secondary projectile if it receives energy greater than its displacement

energy, which results in a cascade process of damage production (Reference

13). Disorder studies (Reference 11) of 200 keV Tl implants in Si show

17,000 ±1,500 Si displacements per incident Tl ion. For high doses, these

cascade clusters overlap resulting in an amorphous layer. Common usage

of "amorphous" in implantation studies refers to a noncrystalline region

in which there is no long-range crystallographic ordering. However, this

region may contain close-range order similar to that in crystalline Si.

For 200 keV Tl implants in Si, an amorphous layer is formed (Reference 11)
13 . 2

for doses greater than 4 x 10 ions/cm

The amorphous zone can be epitaxially regrown by annealing to again

form single crystal Si. Different defect structures dominate in the

implant region depending on the anneal temperature. The divacancy is

particularly important in room temperature implanted material since it

is stable up to about 550 K (Reference 13). Divacancies can have several

charge states V2, V2 , V2 and V . In addition, a number of more compli-

cated defects are believed to involve clustered defects and multiple

vacancies. The various defects caused by implantation occur at depths

less than or approximately equal to the ions depth into the material

(Reference 13).

7
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c. Implant Damage Annealing

Annealing is the heat treatment of an implanted sample to regrow

the crystalline structure of the substrate. Early Si ion implantation

studies typically used isochronal anneals (often 10 min anneal periods)

at consecutively higher temperatures. The amorphous implanted layer was

found to reorder at 570°C (Reference 8). More recent studies (Reference

14) of self-implanted (Si implanted into Si) amorphous silicon show that

at 5500 C the amorphous layer thickness decreases linearly with time and

the recrystallized layer grows epitaxially on the underlying crystal

substrate. This is not the case however for higher temperature one-step

anneals, where low solubility species (In, Sb and Pb) implanted in (111)

Si have shown polycrystal formation when annealed directly to temperatures

above 7501C (Reference 14). Once the polycrystals are formed, the grain

boundaries provide short-circuit paths for migration of the implanted

species out of the substrate. Also, for shallow implants, the impurity

atoms migrate to the surface by way of extended defects during annealing.

However, for In in Si, all the deep implants (340 keY) are retained after

a 5501C anneal (Reference 15).

Another factor in annealing of implant layers is the directional

dependence of regrowth rates, which have been shown to be much slower

for (111) Si than for (100) Si. The regrowth rate for (100) self-ion
o

bombarded substrates is about 80 A/min at 550'C while for (111) substrates

it is approximately 3 A/min (Reference 15). Also, the regrowth on (111)

Si is nonuniform in time and the interface is irregular (Reference 14).

For the slower regrowth on (Ill) Si, the competition from nucleation of

polycrystallites is much more severe than for the rapid epitaxial growth

on (100) substrates. One-step annealing cf (111) material at a temperature

above 550 0C results in considerable residual disorder, supposedly due to

extended defects which arise from non-epitaxial regrowth. The residual

disorder should be considerably reduced by first annealing at 550 0C for

a time sufficiently long for the layer to regrow epitaxially, then annealing

at high temperature to remove the defects in this regrown layer (Reference

15).

8
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Based on these results, Blood (Reference 15) et al. used a two-step

method which significantly increased the percentage of implanted In and

Sb retained in Si after annealing. Their first anneal was at 5500C for

a time long enough for the layer to completely regrow epitaxially

followed by a 940 0C anneal to remove the defects in the regrown layer.

They reported substitutional concentrations of implanted In in Si in

exces, of the solid solubility by using this process.

2. SAMPLE PREPARATION FOR THIS RESEARCH

a. Sample Implantation

Samples were implanted by Hughes Research Laboratory. Both (100)

and (111) Si wafers cut from the same 70 ohm-cm n-type boule were used

for comparison between the two orientations. Only deep implants of 280

and 560 keV were used in order to reduce surface effects and the

migration of Tl out of the Si. The wafers were implanted with T1 in a

random direction at room temperature with doses of 1013, 10 14, and 10!5

TI ions/cm2 . The implant energies and doses for samples reported are

given in Table 1.

b. Two-Step Annealing

The implanted samples in this study were annealed using the

two-step method reported by Blood (Reference 15) et al. The first tem-

perature of 550 0C was maintained for times sufficient to guarantee the

complete regrowth of the layer using the direction dependent growth

rates given above followed by a 30 min anneal at 940 0 C. Some samples

were also single-step annealed at only 8000C for comparison. Also,

various temperatures were used for the second anneal step to check for

defects and activation. The anneal conditions for all samples reported

are given in Table 1.

Samples were annealed in flowing argon in a temperature controlled

Lindberg Heaviduty SB furnace. The anneal temperature was monitored with

a Pt vs Pt-13) Rh thermocouple. The samples were sandwiched between

9
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TABLE 1

SAMPLES USED IN THIS STUDY

Maximum
Leakage

Implant Dose 2 Substrate 550 0C Second Percent

Sample Energy (keV) Ions/cm Orientation Anneal Anneal <200 K

Luminescence

301 280 1014 (111) 6 h 923 0C

14 30 mi

303 280 10 (1II) 6 h 940 0C
30 mi

310 560 1014 (100) 2 h 940 0C
30 min

406 Unimplanted -- (111) --

407 Unimplanted -- (100) .. ..
438 280 Ol4 (l00) 1 h 950 0C

141 
h 1 h

440 280 10 (100) 650 0C

14 1 h
441 280 10 (100) 1 h 850 0 C

14 1 h
442 280 10 (100) 1 h --

443 280 1014 (100) 1 h 7500C

14 1 h
445 280 10 (100) -- 8500Cl h

446 280 01 4  (100) -- 950 0C

cs-6 bulk grown 4.48x1016  -- l h
Tl /cm3

cs-13 bulk grown 9.50 xlO1 5  --

Tl/cm
3

El ectrical

285 Unimplanted -- (111) --

286 Unimplanted -- (111) --

287 Unimplanted -- (111) .. .

449 280 1014 (100) 6 h 940 0C 1.0%
14 30 mn

450 280 10 (100) 6 h 940.C 0.4%
14 30 min

457 280 1014 (111) 14 h 940°C 1.3%
30 mi

471 560 lO1 4  (111) 14 h 940 0C 0.30
14 30 min

472 560 1014 (111) 14 h 9400C 3.m
14 30 min

473 560 1014 (111) -- 3000C 11.5
20 min

10
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TABLE 1 (Concluded)

Maximum
Leakage

Implant Dose 2 Substrate 5501C Second Percent

Sample Energy (keY) Ions/cm OrienTation Anneal Anneal <200 K

Electrical

522 280 1013 (111) 14 h 940 0C 37.8%,
30 mi

526 560 1015 (111) 14 h 940 0C 0.5%3fl mm

532 280 1013 (100) 6 h 9400C 23.5%
30 mi

538 560 1015 (100) 6 h 940 0 C 7.5%'
30 mi

539 560 1014 (100) 6 h 850 0C 5.8%
30 mi

540 560 1014 (100) 6 h 550 0C 23.4%
30 mi

548 560 1014 (100) 6 h 7450C 10.3%
30 mi

549 560 1014 (100) 6 h 8500C 3.9%
30 mi

550 560 1014 (l00) 6 h 745 0 C 21.0%
30 min

RBS

293 280 1014 (100) -- --

300 280 1014 (111) .. ..

307 560 1014 (100) .. ..

345 560 1014 (111) .. ..

393 280 1014 (100) 1 h --

394 280 1014 (100) 1 h 940 0C
30 mi

397 280 1014 (111) 6 h --

398 280 1014  (111) 6 h 9400C
30 min

11
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ultra-high purity silicon wafers and held in a quartz boat. The samples

were placed in the argon flow at least 30 minutes before entering the

furnace and remained in the argon flow at least 30 minutes after removal

from the furnace.

c. Sample Cleaning and Cutting

Samples were cleaned before each anneal and between eacn

processing step in the application of electrical contacts to

insure no contaminants were present. The following procedure

was used:

1. Pre-wash

a. Rinse in 650C trichloroethylene

b. Rinse in room temperature acetone

c. Rinse in 600 isopropyl alochol

2. Boil in the following solution for 15 minutes at 300C:

5 parts distilled H20

1 part H202 30% unstabilized

I part NH4OH 27% solution

3. Boil in the following solution for 15 minutes at 300 C:

5 parts distilled H20

I part H20 2 30% unstabilized

I part HCI 37% solution

4. Rinse in distilled H20

Samples for luminescence were cut with a diamond

impregnated wire saw while mounted with the implanted side

down in black wax. Electrical samples were cut with an

ultrasonic cutter.

12



AFWAL-TR-82-4115

d. Electrical Measurement Samples

Samples for electrical measurements were cut in a van der Pauw

(VDP) pattern with an ultrasonic cutter. Implanted layers were

electrically isolated from the substrate by a p-n junction formed by

implanting p-type Tl into n-type Si. The implanted wafers were first

annealed at 550 0C and then mounted with the implanted side down in black

wax on plate glass. The VOP samples were then cut ultrasonically in the
'clover leaf" shape shown in Figure 3 using SiC grit. The cut edges were

then etched for one minute in CP4 (HNO 3 and HF) to remove sharp edges

and pits caused by the ultrasonic cutting which might contribute to the

leakage current through the junction. The etching was done with the

wafer still in the black wax which prevented etching the implanted

layer. A contact was then sparked on the back with Sb (Reference 16).

The sample was removed by melting the wax and cleaned with the proceaure

outline above. The sample was then etched in a 10% solution of HF to

remove Si0 2 layer from the implanted region. Gold wires were then In

soldered to each of the four implanted legs and to the contact sparked

on the back.

The samples were screened with 2- and 3-point probes before

mounting them in the Hall-effect apparatus. The 2-point probe was used

to check that the contacts were ohmic and the 3-point probe tested the p-

n junction between each of the four legs and the backside contact.

e. Bulk Doped Reference Samples

Two bulk grown Si:Tl crystals were used for reference in

the luminescence study which allowed comparison with previous studies.

These samples were grown by temperature gradient transport from a

solution consisting of Si dissolved in a tin-thallium liquid-metal

solvent (Reference 17) by Honeywell Corporate Physical Sciences Center.

Samples cs-6 was grown from an 86:14 Tl to Sn ratio at 1370 0C and sample

cs-13 was grown from a 50:50 Tl to Sr ratio at 1335 0C. Hall analysis

(Reference 18) using an ionization energy of 0.246 eV and an empirical

Hall scattering factor gave the following concentrations: cs-6

13
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(4.48xi01 Tl/m , 19l 1/cmc , 1.905 unknown acceotors/c ,

and 9.50x1014 donors/cm 3 ) and cs-13 (9.50x1015 Tl/cm3 , 1.73xi015 B/cm 3 ,

6.54x1014 unknown acceptors/cm3 and 1.76x105 donors/cm 3 ). The

concentration of Sn in sample cs-13 was measured (Reference 19) to be

6xO 19 Sn/cm 3 by 119Sn Mossbauer spectroscopy. The samples were etched

in 5 parts HNO 3 to 3 parts HF and rinsed in deionized water before

mounting in the He dewar.

2m Contact-

Figure 3. Van Der Pauw Pattern
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SECTION III

UMINESCENCE

1. SILICON LUMINESCENCE

Luminescence has been used to study dopants in bulk grown silicon

and to Study radiation defects in ion implanted silicon. Luminescence

associated with group IlIA dopants in silicon was reported as early as

25 years ago (References 20-23). More recently, extensive studies nave

oeen conducted on the shallow group IlIA dopants (References 24-23) and

on indium (References 27-32) in silicon. However, only three

publications have reported luminescence from the deepest group IlIIA

acceptor, thallium (References 4, 27, and 33) in silicon. Until now,

luminescence of doped silicon has been limited to bulk grown and

diffused crystals, although luminescence has been shown to be an

excellent technique for monitoring implant defects and studying the

effects of various annealing methods. The luminescence studies reported

in the literature on implanted silicon (References 34-42) are only on

the defects and not on the implanted species. Since luminescence is so

effective both in studying dopants and defects in Si, it seems an ideal

monitor for imolant layers from initial implant through the final

anneal process. However, this has not been done before this study.

a. Luminescent Mechanisms

Luminescence in intrinsic silicon is the result of radiative

recombination of free excitons (FE) (References 23 and 43). Because Si

has an indirect bandgap, the recombination must take place in

conjunction with the emission of a momentum conserving phonon (Reference

44). The emitted photon has energy

E E -E - E
gap x i Pi 13.
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where E gapis the bandgap energy, Ex is the ground state binding energy

of the exciton, and E is the energy of an emitted phonon. Anp.
intrinsic Si luminescence spectra is shown in Figure 4. The dominant

lines are associated with exciton decay assisted by the emission of a

transverse (TA), longitudinal optical (LO), or transverse optical (TO;,

phonon (Reference 45). For low enough temperatures and nign enough

excitation energies, luminescence from electron-nole droplets ,Reference

46) (EHD) is also seen in Si. The luminescence spectra ootained at 10 K

show the EHO peaks in Figure 4.

When Si is doped, the impurities provide traps where excitons can

be bound. Lampert (Reference 47) first suggested the existence of bound

exciton (BE) complexes and derived the limiting binding energies of some

of the simpler complexes by analogy with different charge states of the

hydrogen atom and molecule (Reference 45). The energy of a photon

emitted due to the recombination of a BE is given by

E =E -E - E - :gap x 7bX m.

where Ebx is the localization energy of the bound exciton. From

Equation 3 and 4, Ebx is determined by the difference between the BE

lines and their corresponding FE components. The first observation of

the BE was in Si by Haynes (Reference 21), who found for shallow donors

or acceptors, Ebx 0.1 Ei, where Ei is the ionization energy of the

donor or acceptor.

If the exciton were bound to an ionized acceptor, i.e. an immobile

three-particle complex consisting of the negative acceptor ion, a hole,

and an electron, then Ebx would be approximately equal to Ei rather than

0.1 Ei. The exciton-impurity binding should therefore be viewed as a

four-particle complex consisting of an electron bound to a negative

acceptor ion by a hole pair bound (References 21 and 45). The BE

transition A°X - A0 observed in p-type Si is diagrammed below (Reference

42)

16



AFNAL-TR-82-411 5

FE(TO+or)_ EHO(TO.LO) 'FE(TO,LO)

C FE(TA)

EHOTO Or : EHD(2 phonon)

FE(TO + Or). %E(TOLO)

FE(TA)

* w

FE(3 phonon) p
EK phonon):,

1.5 1mslit j K x 45 j

300 x, si Ii ETO- j

0.q 0.98 1.02 1.06 1.10 11
energy (eV)

Figure 4. Photoluminescence from 70 Ohm-cm Silicon Substrate
Material at 10 and 15 K (Intensity not Corrected)
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Excited G - exciton bound to

+ neutral acceptor

Ground G neutral accentor

where (D represents an acceptor + represents a hole, and - represents

an electron.

Momentum may be conserved for bound exciton transitions through

coupling to the impurity atom in addition to the emission of phonons

(Reference 45). A no-phonon (NP) transition is therefore found in BE

spectra which is not possible for FE recombination. The ratios of tne

intensities of the no-phonon and momentum conserving phonon assisted

luminescence peak increases monotonically with the localization energy of

the BE (Reference 45).

Particle irradiation of Si suppresses the normal FE or BE

luminescence and defect related luminescence is observed instead

(References 34-41). This defect luminescence is characterized by

dominant NP peaks due to electronic transitions at defects and by the

associated lower energy peaks resulting from phonon cooperation in the

transitions (Reference 38).

Electron-beam excitation (cathodoluminescence) and optical

excitation (photoluminescence) are commonly used techniques (Reference

48) for the production of high densities of electron-hole pairs

(excitons) to be studied by their recombination radiation. In cathodo-

luminescence a beam of primary electrons of energy less than 100 keV is

focused on the surface of the crystal. Each primary electron ultimately

produces many thousands of secondary electron-hole pairs. In photo-

luminescence, a laser or intense lamp beam is focused on the surface of

the crystal with an electron-hole pair produced for each absorbed photon.

Although the mechanisms for producing the excitons are different, the

1
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resulting recombination mechanisms are the same; therefore, cathodo-

luminescence and photoluminescence results are equivalent except for the

depth at which the luminescence originates.

b. Previous Results for Si:Tl

The first luminescence from Si:Tl was reported by Vouk and

Lightowlers (Reference 4). Their three samples had very low T1 concen-

trations, 4 x lO 4 cm- 3 for the bulk doped sample and 3 x 1015cm "3 and
and 2 x 1016cm-3 for the diffused samples. Study of the bulk doped sample

was difficult due to FE and EHD interference, and the diffused samples

contained considerable B contamination. The only T1 related features

detected were the BE(NP) and BE (TO) transitions. The TI BE(NP) was

resolved into a thermalizing triplet structure. The BE localization

energy was determined to be 43.8 meV.

Elliott (Reference 33) et al. observed the BE(NP) with both

absorption and luminescence. Their sample contained 3 x 1016cm -3 T.

They observed four thermalizing lines in the spectra by both techniques.

They also determined a BE localization energy of 44.2 meV. Thewalt

(Reference 49) et al. also studied bulk grown Si:Tl with a concentration

of 5 x 1016cm-3 Ti. They however studied lines associated with

isoelectronic BE's rather than the T1 BE spectra. The samples were

treated by heating and quenching to produce the intense isoelectronic

bound exciton like luminescence.

2. LUMINESCENCE SYSTEM

Both photo- and cathodo- luminescence systems, which yield the same

results, were used in this study. Cathodoluminescence was used for the

earlier work. The equipment configuration was the same as for the

photoluminescence, Figure 5. The electron gun was variable from 4-15 kV

and has a maximum beam current of 3u A. The high voltage supply was

equipped with a photo-isolator allowing beam shaping by a pulse

generator. To improve the signal-to-noise ratio of the detection

system, the beam was pulsed with a square wave of 40 Hz. The cathodo-
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Figure 5. Schematic Diagram of Luminescence System
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luminescence system was equipped with focusing, astigmatism, and

deflection coils for easy manipulation of the electron beam. The samples

were mounted with clips on a copper block attached to a Heli-tran. The

sample block has a 450 face to permit sample excitation by a vertically

accelerated beam of electrons and horizontal collection of the emitted

luminescence. The temperature was monitored with a Lake Shore Si diode,

DT-50OKL, embedded in the copper block and controlled by a Lake Shore

controller connected to a heating coil on the copper block. The samples

and electron gun were maintained in a diffusion pumped vacuum system

with the pressure maintained below 10-6 Torr during operation. The

maximum power on the sample was 45 mW which was not sufficient for high

resolution spectra from Si:TI.

Photoluminescene was used during the latter part of the study due

to the higher excitation powers available. The photoluminescence spectra

were obtained by illuminating the samples with the 4880 line of a

Spectra Physics 164 Ar-ion laser mechanically chopped at 53 Hz. The

infrared lines of the Ar discharge were filtered out with an Optics

Technology #700 low pass filter. The filtered and chopped beam was

variable up to 360 mW as measured with a Scientech 362 power meter. The

photoluminescence samples were mounted on the copper tail of a Janis

flowing helium cryostat equipped with quartz windows. The temperature

control was the same as in the cathodoluminescence system.

The emitted radiation was collected and analyzed in the same manner

for both systems. The front-surface luminescence was collected by a

spherical quartz lens located a focal length away from the sample, and

the collimated light was then focused onto the entrance slit of a Spex

1702 spectrometer with a quartz cylindrical lens. Both 600 grooves/mm

and 1200 grooves/mm diffraction gratings were used. The dispersed light

was focused with a spherical mirror onto an ADC model 403 intrinsic

germanium photodetector. The signal was processed with an Ithaco 353

phase-lock amplifier, digitized with an HP 2212 analog to digital

converter, and then stored in a multi-channel analyzer (MCA). The

spectrometer and MCA were simultaneously driven by a stepper-motor pulse

generator.
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The data were computer analyzed and plotted. The spectra were

corrected for transmission losses and detector response using a blackbody

as the reference. The spectral response to the blackbody and the cor-

responding correction function are shown in Figure 6. An argon lamp or

the 11,078.868 R line of the laser Ar discharge was used for wave-

length calibration.

3. REFERENCE LUMINESCENCE RESULTS

The luminescence from implanted Si:Tl samples was found to be

dominated by the FE spectra from the substrate. In order to establish

which part of the spectra was associated with the TI implants, the unim-

planted substrate material and bulk grown Si:Tl were also examined by

luminescence.

a. Substrate Luminescence

The recombination luminescence at 15 K from the 70 onm-cm

substrate material used for the implant studies is shown in Figure 4.

The FE phonon replicas have been labeled after Vouk and Lightowlers

(Reference 43). The second plot shows the same sample as the first with

the same excitation power but at 10 K. The phonon replicas of the EHO

recombination are clearly evident in the lower temperature spectra. The

excitation threshold for EHO formation in intrinsic Si depends on

temperature and excitation pulse length (Reference 50). The temperature

dependence of the EHD formation in the substrate material is shown in

Figure 7 at the same resolution used for most of the Si:Tl spectra. No

EHO recombination was seen in any of the Ti doped samples at temperatures

down to 4.2 K.

b. Bulk Doped Si:Tl Luminescence

Two bulk grown Si:Tl samples were used, see Section II,

subsection 2d. The luminescence spectrum from sample cs-13 is shown in

Figure 8. Readily identified peaks are the BE no-phonon (NP) transition
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Figure 6. System Response to a Blackbody Radiator at 1050 K
and the Corresponding Correction Factor
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Figure 7. Photoluminescence of the Silicon Substrate at
Temperatures fromi 10 K to 30 K. Sample 407.
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Figure 8. Photoluminescance Spectrum of Bulk Grown Si:TI.
Sample cs-13.
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and its transverse acoustic (TA) and traverse optical plus longitudinal

optical (TO,LO) phonon replicas. The BE(TA) line has not been

previously reported fro Si:T1. The (TO,LO) phonon replica of the free

exciton (FE) is also evident, but note that the FE spectra is negligible

in Si:Tl. The BE localization energy was determined to be 44.3 meV

using the FE(TO) from the intrinsic substrate material and 58.0 rneV

(Reference 43) as the energy of the TO phonon. An unexpected transition

(U) 33.9 meV below the BE(NP) 'Is also found in this spectrum. The

energies of the peak intensities of the lines associated with the Ti

acceptor are summarized in Table 2.

TABLE 2

ENERGIES OF THE TI ASSOCIATED LUMINESCENCE LINES, SAMPLE S-13

L irne Peak enerav (eV1

BE (NP) !.1110

BE (TA) !.0915

U 1.0771

BE (TO, LO) 1.0513

The luminescence spectrum from sample cs-13 was investigated is a

function of pump power and temperature. The ratios of the U line

intensity to the BE(NP), BE(TA), and BE(TO) line intensities remain

constant with temperatures from 10 to 20 K, Figure 9, and laser pump

powers in the range of 29 to 251 mW, Figure 10. These constant r3tios

indicate that the transition U has the same initial state as the BE

transition. Similar results were obtained from the ion implanted

specimens.

The luminescence from sample cs-6 was more complex ano is shown in

Figure 11 along with the spectrum of sample cs-13 from Figure 3. The

lines coincide with those reported by Thewalt (Reference 49) et al. which

they identified as due to isoelectronic BE recomoination. Their samples
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Figure 9. Photoluminescence Spectra of the TI BE Taken at
Temperatures from 10 K to 30 K. Sample cs-13.
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Figure 10. Photoluminescence Spectra of TI BE at 10 K and
Excitation Powers Ranging from 251 miW to 29 liW.
Samnple cs-1 3.
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Figure Comparison of Photoluminescence Associated with
Isoelectronic BE and with the Ti BE (Intensity not
Corrected).
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were obtained from the same source as samples cs-6 and cs-13. The lines

in Figures 11-13 have been labeled using their convention. They did not

observe any of the isoelectronic BE lines until their samples were given

a heat-quench treatment; however, sample cs-6 received no heat treatment

after it was grown. They also did not report any of the underlying Tl

BE structure except for the BE(NP). The temperature dependence of the

isoelectronic BE luminescence is shown in Figure 12. Additional lines

not reported before are seen in the low energy region of the spectrum in

Figure 12. At 60 K the Tl BE structure has disappeared leaving the lines

o,c and f,e and the recombination radiation from free electrons and

holes. The line 0 also appears to grow with temperature. The excitation

power dependence is also given in Figure 13. A saturation effect is

clearly evident indicating a low concentration of the centers causing

the isoelectronic 3E lines. At high pump power, the spectra is dominated

oy the TI BE lines.

4. IMPLANTED SI:Tl LUMINESCENCE

a. Unannealed Implanted Samples

Cathodoluminescence from an implanted but unannealed sample is

shown in Figure 14. The spectra is dominated by dect associated

luminescence with a small amount of FE recombination radiation present

from the substrate. The spectra were identical for implants into (i00)

and (111) material and for 280 and 560 keV implant energies except for

the relative intensity of the FE luminescence to the defect luminescence.

The FE luminescence was nearly nonexistent for (100) material and its

relative intensity with respect to the defect luminescence decreased with

implant energy for both orientations.

A low resolution plot is also shown in Figure 14 which is very

similar to the unannealed spectra of Kirkpatrick (References 36 and 38)

et al. They made tentative identifications of several of these lines.

The defect lines in Figure 14 have been labeled after Kirkpatrick

(Reference 13), and these lines are summarized in Table 3. The relative

intensities of lines I1, I1(TA), and I1(LA) are constant with temperature
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Figure 13. Photoluminescence Spectra of the Isoelectronic BE

for Excitation Powers Ranging from 297 mW to 29 mN.

Sample cs-6 at 15K.
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Figure 14. High and Low Resolution Cathodoluminescence of
Unannealed Implanted Si:Tl at 24 K. Sample 3J3
(Intensity not Corrected).

33



AFWAL-TR-82-4115

TABLE 3

DEFECT LUMINESCENCE

3mm slit Imm slit
Kirkpatrick Kirkpatrick ist order 2nd orcAer

Identification R.T. R.T. R.".

FE (TO) 1.096 1.098 1. 098

14 1.034 1.035 0

II 1.018 1.018 1. 018

1.000

I1 (TA) 0. 998* 1.000

0.996

1I(LA) 0.978* 0.979 0.981-

G 0.970 0.969 0.970

0.967

0.966

0.963

12.(TO) 0.956* 0.955

G(TA) 0.950 0.951*

0.948

0.897 0.898 0.398**

C 0.790

* After 2000C anneal

** 750 iim slit, 1st order
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indicating they are associated with the same defect while line G has a

different temperature dependence, Figure 15. The intense line 11 has

been identified as due to recombination at a five vacancy cluster defect,

and the G peak has been identified as due to a carbon dependent center

,Reference 38). The line splittings appearing in the higher resolution

results of this study Figure 14) do not support the previous identifi-

cations of the fine structure between G and E as phonon replicas of G

nor of tne identification of a phonon wing associated with I.

Defe-t lines similar to those introduced by ion implantation have

been seen in luminescence studies of radiation damage introduced by

other mechanisms in Si. Jnimplanted substrate material was laser

annealed and examined ny luminescence for comparison with the ion

implanted samples. The lines G and E were also introduced by the laser

irradiation, Figure 16. .uminescence of 70 ohm-cm n-type Si irradiated

with fast neutrons or gamma rays (Reference 51) showed very similar

results.

0. Two-Step Annealed Samples

The unannealed defect luminescence is removed after a 550 0C

anneal and replaced by a broad structure containing many lines, Figure

17. The defect structure in the 15 K plot of Figure 17 is identical to

that of the 30 K spectrum if magnified. The only difference between the

two spectra is the intensity of the defect structure relative to the FE

intensity. The broad structure introduced by the 5500 C anneal is in turn

replaced by another broad peak after the 650 0 C anneal, which is similar

to the dominant peak reported by Street (Reference 40) et al. for laser

annealed self-implanted Si. The defect luminescence largely disappears

after the 7500C anneal, and all of the defect luminescence has dis-

appear ,d after the 9500C anneal, Figure 18. The samples in Figure 18

were all taken from the same wafer, (100) Si implanted at 280 keV. They

were all annealed at 550 0C for one hour in the same batch. Their

respective second anneals were for one hour also.
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Figure 15. Temperature Dependent Cathodoluminescence of Un-
Annealed Implanted Si:Tl. Sample 303 (Intensity not
Corrected).
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Figure 16. Cathodoluminescence from Laser Annealed Unim-

planted Si and Unannealed Implanted Si:T1

Samples 406 and 303 (Intensity not Corrected).
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Figure 17. Photoluminescence from Ion Implanted Si:TI at 15 K
and 30 K after a 550 0C Anneal. Sample 442.
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Figure 18. Photol1umi nescence from Ion Implanted Si:Tl at 30 K
after Anneals at 5500C, 5500C + 6500C,
5500C + 7500C, and 5500C + 9500C. Samples 442, 440,
443, and 438.
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The ability to detect the presence of the defect peaks present

after 550 0C and 6500C anneals has major significance for electrical

property considerations. Early electrical studies of ion implants often

used final anneals of only 550-7000 C for which defects do exist, and

consequently these defects could strongly affect the mobility and compen-

sation. Luminescence also provides the capaoility to monitor the

optical activity of the implanted dopant.

No TI associated ZE luminescence was ooserved from the unannealed

amorphous layer. After the implanted samples had been epitaxially

regrown at temperatures of 550 0C, the TI BE spectra was present in all

samples, Figure 17. The Tl optical activation as indicated oy the

BE(NP):FE(TO) ratios, Figure 19, then increased with increasing tempera-

ture up through 950 0C.

Single temperature anneals were also made for comparison with

samples cut from the same wafer as for Figure 18 and 19 and annealed with

the two-step anneal samples during their respective nign temperature

anneal. Variations in the BE(NP):FE(TO) ratio were seen wnen the

exciting beam was moved across the samples single-step annealed at

750 0C, 8500C, and 9500C. Very localized spots were found which had very

intense T1 BE luminescence. By defocusing the electron beam, the lumi-

nescence from several of the spots was collected at one time. A large

increase in the BE(NP):FE(TO) ratio was seen by defocusing the beam

centered on the 8500 C anneal sample, Figure 20. The scans were made at

approximately the same temperature, beam current, and acceleration

voltage. Part of the change in the ratio with defocusing may be

accounted for by a saturation effect when BE's are associated with all of

the Ti atoms in the area of the focused beam. A slight increase in the

ratio was seen by defocusing for some of the two-step annealed samples.

However, no change in the ratio for the 8500C single-step anneal sample

was seen by varying the beam power from 31 mW to 5 mW with the beam

focused. The variations for two positions and for the beam focused for

the 9500 C single-step anneal sample are shown in Figure 21. The

variations in the ratio when moving the beam across the sample were not

seen for the two-step annealed samples. This suggests that for the
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Figure 19. Photoluminescence from Ion Implanted Si:T at 15 K
and 30 K Showing the BE(NP): FE(TO) Ratios as a
Function of Second Anneal Temperature
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Figure 20. Cathodoluminescence from Single-Step 8500C Annealed
Si:TI for a Focused and Defocused Beam. Sample 445 at 24K.
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Figure 21. Cathodoluminescence from Single-Step 9500C Annealed
Si:rl for Two Positions and With the Beam Defocused.
Sample 446 at 24 K.

43



AFWAL-TR-82-4115

single-step anneal samples, the amorphous layer has regrown as

polycrystalline Si containing a few oolycrystals wit' high T1

concentrations. This is consistent with previous single-step anneal

studies (References 14 and 15).

c. TI BE Luminescence in Implanted Si

The luminescence from a two-step, 550 0 C plus 9400 C, anneal

sample is shown in Figures 22 and 23. (he results were the same for

(100) and (111) orientations and implant energies of 280 and 560 keV.

The FE lines have been labeled after Vouk and Lightowlers (Reference 43,.

The oulk grown data presented in subsection 3b shows an insignificant FE

spectra from Si:Tl which implies that the FE spectra observed here is

from the substrate. The intensity of the BE luminescence increases

relative to the FE luminescence as the temperature increases to above 40

K in contrast to the other group IlIA elements in Si. This is because

the localization binding energy, Ebx, of 44.3 meV for TI is greater than

the FE binding energy, Fx, of 15.4 meV (Reference 43), while for all the

other group 'IIA elements (Reference 4), is smaller than Ex * The proua-

bility of the FGE being broken up by thermal energy therefore increases

faster than for the TI BE as the temperature increases. This fact makes

it easier to see the Ti BE lines in ion implanted layers by using higher

luminescence temperatures, e.g. 30 K.

Because the spectra from the ion implanted specimens are dominated

by FE lines from the substrate, the lines associated with TI related

recombination are difficult to distinguish (see Figure 23). However, the

line shapes of the FE phonon replicas should remain constant with

respect to each other since the coupling between the phonons and the

emitted radiation remain the same. Therefore, the FE spectrum of the

substrate taken at the same sample temperature can be subtracted from the

total spectrum to give the underlying BE spectrum. The FE spectra at

15 K normalized to the FE(TO) peak, Figure 7, was substracted from the

ion implanted TI spectra at 15 K also normalized to the FE(TO) peak,

Figure 22. The result is shown in Figure 24. Some artifacts of the

FE(TO) are left because of the large relative intensity of this

44



AFNAL-TR-82-41 15

BE (TO, LO) BE (NP)-----., ,,U + FE (TA + Or ' ) -,.
t /

' X9

* 'T=0 FE (TO, LO ,

FE(TO+O0)

W~

I ..

445

1 I

* K"

1.3 .- .0 .09 11

energ (eV

,__ Impatdwt 11 iIn/c 2 a 6 e

Sample 310.

45



AFWAL-TR-82-411 5

FE (TO + OF)

FE (TO + Z (TO 1zP

FE (TO + Z (LA))

FE (TA + Or)
CU + FE (TG + -1 (LA))

BE (TO, LO)

ION

7 *° I 1,1

\'.. I

1.03 1.04 1.0s 1.06 1.07 1.06

energy (eV)

Figure 23. High Resolution Luminescence Spectrum Taken at 10 K
of Annealed Silicon Ion Implanted with 1014
Ions/cm 2 at 560 keV. Sample 310 (Intensity not Corrected).
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transition. The BE(TA) is also obscured. Otherwise, the substracted

implanted Ti BE spectra is identical to that of the bulk grown sample

(compare Figures 8 and 24); therefore, this proves to be a powerful new

technique for studying implants by luminescence.

d. BE Excited States

The BE split into four lines as reported by Elloitt (Reference

33) et al. Figure 25 shows the BE lines at temperatures of 8, 15, and

30 K from a (111) sample implanted with 1014 TI ions/cm 2 at 280 keV.

Thermalization of the lines is very evident with the relative intensity

of the excited states increasing with temperature. The resolution of

these four lines was better in the ion implanted samples than in the

bulk gro 4n samples. This indicates that qualitatively either the con-

centration in the implanted samples was higher tha- in the bulk grown

sample or the crystal structure was better.

5. COMPARISON WITH PREVIOUS STUDIES

The BE and its phonon replicas, (TO, LO) and TA, reported in this I
paper for Si:Tl are similar to those reported for the other group IlIIA

dopants (References 4 and 23). The relative NP intensity with respect to

that of its phonon replicas is greater than for the other group IlIIA

dopants as expected (References 45 and 52) because of the higher exciton

binding energy, 44.3 meV, of Ti. The presence of four lines in the fine

structure of the BE(NP) is confirmed (Reference 33). The fact that the

fine structure was resolved in implanted Si:Tl indicates the regrown
implant layer had a high quality lattice structure.

The new line U does not fit into the pattern of the shallow group

IlIA dopants. This line was not reported by Vouk and Lightowlers

(Reference 4) probably due to its close proximity to the FE(TA + 0 ) and

the EHD(TO,LO). The line was present in all Tl doped samples, both bulk

grown and ion implanted. It was not present in the substrate material.

The energy displacement from the BE(NP), 33.9 meV, does not correspond to

any of the allowed one or two phonon processes in Si (References 23, 43,
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and 53). The relative intensity of U with respect to the BE and its

phonon replicas is independent of doping level, excitation power, and

temperature. Therefore, U is not a line associated with a multiple bound

exciton complex (References 25, 54, 55, and 56) called an impurity

associated localized carrier (IALC) by Vouk and Ligntowlers (Reference

4). Such lines increase in intensity with excitation power and decrease

in intensity at higher doping levels with respect to the BE (References

29, 31, 54). It is also not associated with impurity associated EHD

(IAEHO) (Reference 4) bands since they disappear with increasing tem-

perature and shift in energy as a function of the doping level. The

transition U therefore has the same initial ground state as the BE

transition, the neutral acceptor ground state AO (References 4 and 23).

The Uline probably is caused by the same mechanism as the line 4 meV

below the BE(NP) in the Si:In spectrum (References 28, 29, and 31) which

was first labeled as U1 by Vouk and Lightowlers (Reference 4). The

ratio of this In related line intensity to the intensities of the In BE

lines is also independent of excitation power, dopant concentration, and

temperature (References 29 and 31).

Si:Tl is also analogous to Si:In (References 30 and 57) by the

presence of the isoelectronic BE lines. Thewalt (Reference 49) et al.

suggest the line labeled A i,; the Si:TI spectra corresponds to the Si:In

line P (also labeled (Reference 4) U2). As with Si:In, the isoelectronic

lines in Si:Tl are dependent on crystal growth and vary from sample to

sample (Reference 4). The lines were not present in bulk grown sample

cs-13 or the ion implanted samples. The identifaction of these lines is

important so that the impurity or defect acting as the recombination

center can be eliminated during the growth process; however, ion im-

plantation already provides a method for producing Si:TI free of these

centers.

No EHD's were seen in either the Si:TI bulk grown or ion im-

planted material at temperatures down to 4.2 K. Vouk and Lightowlers

(Reference 4) did report the EHD(TO,LO) in their diffusion doped sample.

Shallow impurities in Si do act as condensation centers for EHD's.

(References 58 and 59). However, the binding energy for the TI BE, 44.3
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meV, is considerably higher than the EHO work function :(T) =78.21 +

5.9 x 10- 3T2 ] meV (Reference 46) where T is the absolute temperature;

therefore, for moderately high TI doping levels there would not be

sufficient free excitons to condense into EHD's. The effect of the high

TI BE localization energy can also be seen in Figure 22 where the BE

spectrum persists for higher temperatures than the FE (binding energy

15.4 meV)(Reference 43) spectrum. This is not the case for the

shallower dopants in Si (References 4 and 23).

This is the first luminescence study of radiation damage by heavy

ion implants in Si. Previous studies have included the light ions B, P,

Ar, As, C, 0, Si, and N. The defect lines introduced by these light ion

implants were identical to those produced by Tl implants in this study

indicating that implant defect lines are independent of the implanted

species. Since the defects associated with ion implantation are present

for all implants in Si and at least in some cases after laser annealing

of Si, it is very important to determine that they are annealed out.

This study confirms that luminescence is an ideal tool for accomplishing

this.

Luminescence has not been reported before from ion implanted Si:TI

or from any other ion implanted dopant in Si with the exception of

Nakashima (Reference 42) et al. They reported the P BE(NP) from a laser

annealed P implanted sample as a just visible shoulder on the B BE(NP)

from the substrate. However, the results of this study show that the

complete BE luminescence spectra can be observed for implanted dopants,

and therefore, luminescence is an excellent method for studying implanted

dopants in Si.
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SECTION IV

ELECTRICAL MEASUREMENTS

1. SURFACE HALL-EFFECT MEASUREMENTS

In an ion implanted sample, the concentration of dopant atoms

varies with depth from the surface. As a result, both the carrier

concentration and carrier mobility will vary as functions of depth. Any

electrical measurements will then be a weighted average over the depth

distribution of implanted ions. Because of this, most studies have

attempted to obtain only an empirical relationship for the electrical

characteristics of implanted layers (Reference 8); however, the

techniques developed in this chapter determine the ionization energy of

the implanted dopant by restricting measurements to the compensated

region. precautions are also detailed for insuring the validity of the

Hall-effect measurements considering the leakage current through the p-n

junction and the ratios of the resistances Ra/Rb . The sheet carrier

concentration temperature profiles can also be used for qualitative

comparison between samples.

a. The Van der Pauw Technique

The van der Pauw (Reference 60) method was used for this study.

This technique requires four contacts located anywhere on the periphery of

a uniformly thick sample of arbitrary shape. The current is passed

through one pair of contacts while the potential difference is measured

across the remaining pair of contacts. The six configurations

(Reference 61) used are shown in Figure 26. The resistance for each

configuration, R, is defined by

a VJ. - V27 (5)

where a - f. Using configurations (a) and (b), and in analogous

fashion using (c) and (d), the resistivity is then given by

T Ra '*RbR
2(6)
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Figure 26. Configurations Used for Van der Pauw Measurements
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where t is the sample thickness and f(R a/Rb) is a dimensionless

geometrical correction factor (Reference 60) dependent only upon the

ratio of R aand Rb:

z Ra (7

The resistance values Ra and Rb are functions of geometry and

temperature, but for a symmetrical sample, Ra and Rb should be nearly

equal and their ratio Ra/Rb independent of temperature if the sample is

homogeneous (Reference 62). The temperature dependence of Ra/Rb can

therefore be used as a figure of merit to determine the sample

homogeneity and to indicate the data quality.

Using sample configurations (e) and (f) of Figure 26, the Hall

coefficient is given by

t )

where B is the applied magnetic field and Re is the change in

resistance of configuration (e) or (f) when the magnetic field is applied

perpendicular to the sample (Reference 60). For an extrinsic p-type

semiconductor, the carrier concentration p is related to the Hall

coefficient (Reference 63)

r
H

where e is the charge of the carrier and rH is the Hall scattering

factor (or r-factor). The Hall mobility uH is defined by
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where u is the conductivity and j is the resistivity of the sample.

However, the conductivity is related to the conductivity mobility by

= p e a (I")

From Equations (9) - (11) we then find the Hall scattering factor

'JH =(12)

The Hall scattering factor rH depends on the nature of the carrier

scattering, the band structure of the material, the temperature, and the

statistics characterizing the distribution of carrier velocities

(Reference 64). The usual practice for implanted layers is to set rH

equal to unity (Reference 65). However, rH has been determined

experimentally (Reference 66) for p-type silicon and varies with

absolute temperature T as

rH = 54 . 1.2 ( T ) (13)

in the acceptor dopant range of iaI6 - 1018 cm -3

The potential difference in Equation 8 can be affected by galvano-

magnetic and thermomagnetic effects other than the Hall-effect (Nernst,

Righi-Leduc and Ettinghausen effects)(Reference 67). Except for the

Ettinghausen effect, these effects can be eliminated by reversing the

field and obtaining an average value for the configurations used in

Equations 6 and 8. The Ettinghausen effect is small in silicon because

the thermoelectric power is small (Reference 68). Configurations (c),

(d), and (f) in Figure 26 are not essential in principle to determine

and RH, but they are used for the practical purpose of averaging out

any geometrical effects.

Since the dopant concentration does vary with depth in implanted

layers, the experimental results from the van der Pauw technique will be

ar effective resistivity, eff- and an effective Hall coefficient,RHeff. Therefore, it is only meaningful to speak of sheet measurements

where the sheet resistivity, sheet conductivity, sheet Hall coefficient

and sheet carrier concentration are defined by
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eff 2.

1 ffRS t

rH  t] 41

s = eff

Petritz (Reference 69) has shown by circuit analysis and also by a

derivation from Boltzmann's equation that the sheet Hall coefficient is

given by

t
= e pCx) rH Cx)&

Ie p ) uEx) (l5

where p(x) and P(x) are functions of depth from the surface, and we have

assumed there are no circulating currents.

The effective sheet carrier concentration is then given by

rH e pcx) ucx) dx (16)

s e Je P c)r7H ;1-C~c) dx

or

t
fpCx) Cx) dx

pCx) u+ Cx)dx

if we assume that rH does not vary with depth. This value may differ

from the actual sheet carrier concentration which is defined by

t
P pt- - p(x)dx
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The sheet conductivity is given by (Reference 69)

t

a 7jf t : fe -(x. (x)dx

and therefore the Hall mobility of the implanted layer is

H =

Pfx) .;(x) dx 2X

b. The Reverse-Biased p-n Junction

In order to measure thE electrical properties of the implanted

layer, the implanted region must Le isolated from the substrate.

Isolation can be accomplished by ising a substrate of very high

resistivity or by forming a p-n junction using a substrate material of

opposite type to the implanted layer (Reference 8). Because of its very

deep acceptor level in Si, T1 doped Si has a high resistivity at

measurement temperatures. For this reason, the high resistivity approach

is impractical, and a p-n junction was therefore used for electrical

isolation in this study.

The van der Pauw shape was cut out of an implanted wafer with an

ultrasonic cutter as opposed to the common mesa etching procedure. In

the mesa etching technique, the implanted layer is etched from the

substrate except in the van der Pauw pattern (References 8 and 68) which

has the disadvantage of allowing surface currents to flow through the

substrate material around the periphery of the mesa structure. In the

ultrasonically cut samples, the only possible path for current flow is

through the p-n junction which can be measured. An ohmic contact was

placed in the center of the back of the substrate in order to identify

the existence of a p-n junction (Reference 68) to reverse-bias the

junction kReference 70) and to monitor any leakage current.
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The backside contact was at the same potential as the positive

current contact, therefore preventing leakage current from crossing tne

p-n junction between these contacts. The junction between the negative

current contact was reverse biased by the potential (I volt) applied to

supply the measurement current (see Figure 27). The leakage current

through the backside contact was monitored during all Hall-effect

measurements. This precaution has not been previously reported. A

region of validity for the data was established using leakage current as

a figure of merit. Myers (Reference 71) states that as a "rule of

thumb", the Hall-effect data should be considered valid when the total

leakage current is less than 2% of the sample current through the implant

layer. Mayer (Reference 8) et al. state that leakage current should be

less than 5% of the measurement current. Data was used quantitatively in

this study only if the leakage current was less than 1% of the

measurement current.

The quality of the p-n junction is dependent on the anneal tem-

perature of the implanted sample. Michel et al. (Reference 72) found

that the leakage current of P, As, and B implants in silicon was strongly

dependent on the anneal temperature of the sample. They found that a

minimum anneal temperature of 900'C for 30 min is required to produce low

leakage ion-implanted junctions.

Since the measurement current does not flow through the depletion

region, the extent of the depletion region into the implant layer will

affect the electrical measurements (Reference 73). The depletion region

will however extend deeper into the more lightly dc,.,-d region (Reference

74). For this reason, 70 ohm-cm n-type material 'Nd = 6 x 1013 cm 3 )

was used as a substrate. The depletion region therefore extended

primarily into the substrate side. For shallow implants, the surface

states of the silicon may strongly affect the electrical measurements

(References 73 and 75). In this work, deep implants (280 and 560 keY)

were used so that surface effects would have negligible effects on the

electrical measurements.
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c. Measurements as a Function of Temperature

For a uniformly thick sample, the carrier concentration p can

be measured as a funcion of temperature using Hall-effect measurements
1

and Equation 9. At low temperatures, a logarithmic plot of p versus L

yields (after correc'ing for the temperature dependence of Nv) the value

of the activation energy EA (Reference 76). However, for implanted

layers the variation in dopant concentration with depth makes the

accurate determination of the ionization energy much more difficult

(Reference 8). This is evident from the temperature dependence of the

hole carrier concentration which is now discussed.

For a p-type semiconductor, the density of hole carriers p is given

by

p (P+Nd) N .Ea /KT

N - e (19)

where Nv is the effective density of valence band states, g is the

degeneracy of the acceptor, Na is the density of acceptors, and Nd is the

density of compensating donors (Reference 77). Boltzmann statistics

have been assumed. At high temperatures p(T) tends to the exhaustion

value p(T) -Na - Nd.

As the temperature is lowered (Reference 70), the semiconductor

goes through the noncompensated region where Nd < p(T) < Na, Equation 19

can be approximated by

fN N _E /"kT

P(r) ( g) (20)

At the lowest temperatures, the sample is in the compensated region

where p(T) < Nd < Na and Equation 19 can be approximated by

NCNa "d) -Ea/kT (21)
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The effective density of states is given by

N = 2

NV = 2 32(22)

where mh is the carrier concentration efffective mass (Reference 8) for

holes. Therefore, a semilogarithmic plot of T-3/
2p(T) versus I

E a  E 
changes

slope from to as p(T) falls through the value Nd. The location

of this transition is determined not only by Nd but also by Na since the
value of p(T) is dependent on Na' The transition region is characterized

by a "knee" between the two slopes.

The measured sheet carrier concentration, Ps' is given in terms of

integrals of p(x,T) as expressed by Equation 16. When Nd and Na vary

with depth, the transition in slope or "knee" will be in a different

temperature region for each layer. Then the integral of these layers,

Equation 16, will not have a slope of (. a) or (-,E) but a mixture of2k
the two. Therefore, the semilogarithmic plot of T 3/2p versusthmicplotPS vrsusI/T will

not produce a linear relation. However, this difficulty can be overcome

if we consider only a temperature region where all layers will be in the

compensated regions.

In the compensated region where p(T) < Nd <Na Equation 21 is given

by

= Nd) -23

N E
where s(T) -. exp(A). Equation 19 can be solved exactly to give

P " d a) + ( 4)
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13
Equations 23 and 24 have been plotted in Figure 28 for Nd = 6.0 x 10

cm- 3; Na = 1014, 1016, and 1018 cm' 3 ; and Ea = 0.25 eV. From these

plots, only data for temperatures less than 165 K were used to determine

Ea. Nd may be larger than the constant doping level of the substrate if

compensating centers are introduced by ion implantation. However, the

influence of these centers appears to be removed by anneal temperatures

of 9000C (Reference 68). If Nd were larger due to defect levels, the

compensated region would extend to even higher temperatures.

Substituting Equation 23 into Equation 16, we get for the sheet

concentration

[Y NaCx)  - . cx)) dx 2
N a Cx) Cx

/ t CN x) - NdCx)) 2 (25)

I.i (XX)d

If we assume the mobility is separable into functions of temperature and

depth

u x,T) = hCx) CCT),

then

P - Hcx) (26)

where

F Na Cx) -Nd(~X) 12Cx
N Cx)

H Cx) a NdCx) h(x) dxJ N 'Cx) Nx
'd ()Cx)

From Equation 22 and 26 we then have

d (
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Figure 28. Computer Plots Generated Using Equation 23 and
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The activation energy of the implanted layer is then given by

Ea Z k/2 (27)

As a check, the sheet conductivity, a , can also be used to

determine the activation energy. The calculation of T, from the van der

Pauw data, Equation 3, is independent of the determination of the sheet

concentration Psi Equation 9. Substituting Equation 23 into Equation 17,

we have for the compensated region:

t

= e f Na Cx) -d (;)

(28)

This quantity is dominated by the region in which Na(x) >> Nd(x), and

therefore 4x) will be reasonably uniform over this region. The effect

of i(x) in the low dopant concentration tail region can be neglected in

contrast to its effect on Equation 16. If the temperature dependence of

;(x) is assumed to be T- , then the activation energy is given by

E k da - kn(Tn'2 s  (29)

Similarly in the noncompensated region, from Equation 20 the activation

energy will be given by

E Zkd Ln Ti-413Ea - -2k dC7) %
a d~l s(30)

The knee between these two slopes will then identify the compensated

region.
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d. Previous Electrical Measurements

Other investigators have studied the electrical properties of Si:Tl

and of ion implants in Si. The review article by Johannson and Mayer

(Reference 68) and the book by Mayer et al. (Reference 8) served as the

basis for much of the procedure in this study. They note only five

reports of temperature dependent Hall-effect measurements on implanted

silicon prior to 1970. The past decade has seen the addition of only a

few temperature dependent studies of ion-implants in silicon. Thallium

doped Si has been studied even less because of the low solubility of TI

in Si as well as the large activation energy.

Shulman (Reference 6) published the first determination of the

ionization energy of Si:Tl. He made potentiometric resistivity

measurements on a Hall bar cut from a crystal grown by dropping TI

pellets into the melt. By plotting conductivity versus 1 he determined
T

a value of 0.26 eV. Similarly, Sclar (Reference 1) measured the

resistance of a vertical float zone T1 doped crystal with a resistance
I

calibrated electrometer. His plot of resistance versus 7 yielded an
ionization energy of 0.21 eV. In an earlier publication (Reference 7),

he reported a value of 0.23 eV.

Hall-effect measurements on ion implanted Si:Tl by Baron et al. (Ref-

erence 79) were largely unsuccessful because of the high resistivities

encountered. The implants were made at an energy of only 40 keV with the

substrate held at 450 0 C. For anneal temperatures between 5000C and

780 0C, the implanted region was found to be n-type. For higher temper-

ature anneals, the p-type layer had a carrier concentration of about

10i1 cm"2 at room temperature. More recently, Brotherton and Gill

(Reference 80) used thermal -emission-rate measurements on implanted

Si:Tl to determine a value of 0.24 eV.

The ionization energies of implanted layers can be determined from

the sheet concentration as a function of temperature. One problem in

doing this has been previously described, the variation with depth of

the dopant concentration. Another problem is that for heavier dopant

species at energies of less than 100 keV, degenerate doping conditions

are produced for doping levels as low as lO13 ions/cm 2 (Reference 68).
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The carrier concentration then becomes nearly independent of

temperature. Because of these problems, only a limited number of

attempts have been made to measure the ionization energy of implants in

silicon which have resulted in the following dopant ionization energies:

boron (0.045 eV (Reference 81), 0.052 eV (Reference 82)), phosphorus

(0.045 eV (Reference 82), 0.027 eV (Reference 83)), lithium (0.029 eV

(Reference 83)),nitrogen (0.045 eV (Reference 84)), sodium ().032 eV

(Reference 85), 0.035-0.038 eV (Reference 86)),indium (0.160 eV

(Reference 75)),and tellurium (0.140 eV (Reference 75)). Two additional

studies have been done on temperature dependent Hall-effect measurements

in phosphorus implanted silicon from which the ionization energy was not

determined.

MacDonald and Galster (Reference 87))studied P implanted into Si at

400 keV. They determined the sheet concentration versus b ioth

experimentally and theoretically. The sheet concentration was calculated

from carrier statistics for nondegenerate n-type semiconductors, the

L.S.S. theory for donor distribution, and scattering equations for

mobility as a function of dopant concentration. A well defined minimum

(a drop to L) in the sheet concentration was found both experimentally
6

and theoretically between 50 K and 250 K. They (Reference 87)

attributed this dip to high mobility in the tail region of the implant

distribution dominating the integral in the denominator of Equation 16.

In a similar study of P implants, Wagner and Burkhardt (Reference

65) also found a linear region in their semilog plot of sheet

concentration versus temperature below 50 K and a dip between 50 and

300 K. They concluded that the measured sheet concentration was equal

to the actual sheet concentration for temperatures below 50 K. They also

concluded that it is impossible to get true quantitative information

from Hall-effect measurements made only at room temperature on implanted

P because of the dip in sheet concentration.
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The more popular use of Hall-effect measurements on implants in

silicon has been to study the anneal properties using room temperature

only measurements. The result given above (References 65 and 87)

indicate that these studies are of questionable value because of the

effect of the varying dopant concentration with depth on the measured

sheet concentration at room temperature. Nevertheless, the annealing

characteristics of the following implanted dopants in silicon have been

studied with room temperature only Hall-effect measurements: boron

(References 64, 79, 88, 90 and 91), aluminum (References 79 and 88)

gallium (References 79 and 92), indium (References 93), phosphorus

(References 64, 88, 90, 94 and 95), arsenic (References 71, 79, 95 and

96), antimony (References 79 and 92), bismuth (Reference 79), selenium

(Reference 97), tellurium (Reference 97), zinc (Reference 97), and

cadmium (Reference 97).

The effects of the changing dopant concentration with depth can be

eliminated by using differential Hall-effect techniques (References 8, 68

and 79). Sheet concentration measurement are made after each repetitive

anodic etching of the implant layer. If the layers removed are thin

enough so that the dopant concentration can be assumed uniform, the

carrier concentration can be determined as a function of depth. This

technique does have the disadvantage of introducing large errors. It is

difficult to etch off uniform layers and also to measure the thickness

removed accurately. Since differences are taken between sheet

resistivities for consecutive etchings, the carrier concentration is

extremely sensitive to errors in these measurements (Reference 71). The

following dopants have been studied by differential Hall-effect at room

temperature: boron (References 98 and 99) aluminum (Reference 79)

gallium (Reference 100), phosphorus (References 94, 98, 101, 102, 103,

and 104). Also, Pashley (Reference 75) has done temperature dependent

differential Hall-effect measurements on indium and tellurium implants

and determined their ionization energies.
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2. THE VAN DER PAUW SYSTEM

Hall measurements were made using a guarded dc Hall apparatus

designed for high resistance (:1013 ohm) measurements. The guarding

system has been previously described (Reference 61). A six position

switching unit automatically gave the configurations shown in Figure 26.
The current in each configuration was also reversed by the unit to give

an average value for that configuration. A fifth guarded lead was

connected to the substrate as shown in Figure 27 to measure the leakage

current through the p-n junction. An applied voltage of 1 volt and an
applied magnetic field of 1 kG were used for all measurements.

The sample was clamped by a spring clip against a BeO holder

fastened on the copper cold finger of a heat exchange, gas flow liquid
helium, variable-temperature cryostat. The sample temperature was

monitored with a calibrated Lake Shore Cryotronics model DT-500 KL

silicon diode which contacted the BeO holder. The temperature was
controlled by anArtronix unit with a platinum sensor which varied the
flow of current to heating coils wrapped around the copper block on which

the sample was mounted.

3. HALL-EFFECT RESULTS

Substrate Donor Concentration

The substrate material used was 70 ohm-cm phosphorus doped silicon

procured from General Diode Corporation. Hall measurements were made on

van der Pauw samples cut from an unimplanted wafer. The concentrations

of donors and acceptors and the donor ionization energy were determined

by a non-linear least-squares fit (Reference 107) to the charge balance

equation

Nd
n+ NA  d

n nC- exp (31)
C
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where n is the carrier concentration, NA is the acceptor concen-

tration, No is the donor concentration, Ei is the ionization energy of

the phosphorus and Nc is the density of states of the conduction band.

The concentration with the computer fit are plotted versus T in Figure

29 for Sample 287, and the results are summarized in Table 4 for three

samples.

o. Figures of Merit

The leakage current through the p-n junction into the

substrate was monitored for all Hall-effect measurements. These

measurements along with the ratios R a/Rb were used to establish the

validity of the measurements. The Ra/Rb ratio is defined in Equations 6

and 7 where Ra and Rb are the resistances measured using configurations

(a) and (b) of Figure 26. For all the data, the following sequence was

followed. Ra and Rb were measured as shown in Figure 26, and then the

same configurations were again measured with the current direction

reversed. Rc and Rd were measured with positive and reverse current

instead of Ra and Rb at every other temperature point to insure that the

geometry did not influence the results. The leakage current into the

substrate was also measured at each of these sample configurations and

directions of current flow. The 15 samples measured are listed in Table

1, page 10. The maximum leakage current as a percentage of the

measurement current in the temperature range 130-200 K is given for each

sample

TABLE 4. SUBSTRATE CONCENTRATIONS

Donor Donor Ionization Acceotor
Sample Concentrtion Energy Co ncentrft io n

(cm ) (eV) (cm

285 5.83x101 3  0.0452 .. 76x10 1 3

286 6.76x101 3  0.0447 2.31xi0 ] 3

287 5.lxi01 3  0.0451 1.81x10 1 3

Mean 6.13x!0 0.0450 1.96x10 1 3

69



AFVAL-TR-82-411 5
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Figure 29. Carrier Concentration of the Substrate Including
the Charge Balance Equation Fit, Solid line
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The leakage current as a percentage of the measurement current is

plotted versus inverse absolute temperature in Figure 30 for a good
sample and in Figure 31 for a leaky sample. Four points are shown at

each temperature because a leakage current percentage was measured for

configurations (a) and (b) of Figure 26 with both forward and reverse

currents. Sample 532 shows a very large leakage current in the range of

10-24 percent of the measurement current which clearl. 'ndicates that

this sample cannot be used for quantitative results. Only data points

with a leakage current less than one percent of the measurement cur-ent

were considered for quantitative results.

The leakage current (not as a percentage) for the same two samples

versus inverse temperature is plotted in Figures 32 and 33. The four

values at each temperature correspond to those of Figures 30 and 31. At

temperatures above 200 K, the leakage current increased as the

temperature was raised until it was larger than the current through the

implant layer. As a result, the samples took on the n-type Hall-effect

characteristic of the substrate at temperatures above about 360 K.

Figures 30 and 31 also give the ratios Ra/Rb for positive and

negative current alternately with the ratios Rc/Rd at every other

temperature point. The ratios are normalized to their mean value for

each sample. Since Ra/Rb should be a function of geometry only (see

subsection la), data can be considered valid only in temperature regions

where Ra/Rb remains nearly constant. Clearly sample 532 does not

satisfy this criterion. Sample 526 was rejected for quantitative results

because its Ra/Rb ratio was not constant even though its leakage current

was less than one percent of the measurement current. Sample 457 is a

marginal sample for quantitative results because of the variation in its

Ra/R b ratio. Only threee samples (450, 457, and 471) satisfied the

criteria for leakage current and Ra/Rb ratio.
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Figure 32. Leakage Current for a Good Sample
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Figure 33. Leakage Current for a Leaky Sample
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c. Sheet Hole Concentration

The effective sheet carrier concentration was calculated for

each of the electrical samples listed in Table 1, page 10, using

Equation 14. The results are plotted for samples 471 and 532 in Figures

34 and 35 respectively. Configurations (e) and (f) of Figure 26 were

used alternately for every other point. The sheet carrier concentration

is shown for both forward and reverse current directions for each

configuration. The forward and reverse current results match very

closely except for higher teiperatures in Figure 34 where the leakage

current is very large. Note that the plot for log (Ps) versus # for

sample 532 is very linear even though Figures 31 and 33 indicate there is

a considerable error due to the leakage current. This points out the

importance of monitoring the leakage current for Hall-effect

measurements on implanted layers.

While the effective sheet carrier concentration which is measured

does not give the actual sheet carrier concentration, the relative

concentrations between samples can be determined as indicated by

Equation 16. If we assume that all the carriers in the tail region are

frozen out (References 65 and 87) at low temperatures leaving a fairly

uniform layer of carriers, then the effective sheet concentration should

closely match the actual sheet concentration. The low temperature

measurements (less than 200 K) were therefore used to give a qualitative

measure of the actual sheet hole concentration. On a semilog plot, even

errors of 25% will not greatly change the qualitative results.

Sheet carrier concentrations for samples implanted at 560 keV with

a dose of 1014 ions/cm 2 and annealed initially at 5500C are shown in

Figure 36. The second 30 minute anneal was varied from 550 0 C to 940°C.

Electrical activation occurs after the 550oC anneal. Figure 36 clearly

shows that the electrical activation increases with increasing anneal

temperatures through 940 0C. The slope intercepts at 200 K from the

plots of Figure 36 are shown in Figure 37. One sample, 473, annealed

only at 800°C for 20 minutes did not show a significant different from

samples 539 and 549 which were annealed with the two step technique at

5500 C and 850 0C.
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Figure 34. Sheet Carrier Concentration Versus Inverse

Temperature for a Good Sample
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Figure 35. Sheet Carrier Concentration Versus Inverse
Temperature for a Leaky Sample
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Figure 36. Sheet Carrier Concentration Variations with
Second Anneal Temperature
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Figure 37. Sheet Carrier Concentration at 200 K as a Function
of Inverse Second Anneal Temperature
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The sheet carrier concentrations for varying implant doses are

shown in Figure 38. All the samples were annealed with'the two step

technique at 5500C and 9400. Figure 38 shows the expected trend of

increasing sheet hole concentration as the dose is increased from 1013 to

1014 ions/cm 2 at 280 keV and from 1014 to 1015 ions/cm 2 at 560 keV. An

increase is also seen in increasing the implant energy from 280 keV to
14 2560 keV for doses of 10 ions/cm . This was also expected since the 560

keV implants have a much deeper distribution than the 280 keV implants;

therefore, the dopant concentration will be smaller resulting in a higher

probability of a Tl atom being substitutional considering the low

solubility of Tl in Si.

One sample, 538, did not follow the trend of increasing sheet

carrier concentration with increasing implant dose. It was implanted

with 1015 ions/cm 2 at 560 keV, but its carrier concentration plot fell

just below those of 471 and 472 which was implanted with 1014 ions/cm2 at

560 keV. There is no apparent explanation for this decrease although

538 was a poor sample. Its Ra/Rb was erratic and it had a large leakage

current, up to 7.5% of the measurement current in the temperature range

of Figure 38.

d. Hall Mobility

The Hall mobility was calculated from Equation 10, and the

conductivity mobility vas determined from the Hall mobility using

Equations 12 and 13. The results are plotted in Figures 39 and 40 for

samples 450, 457, and 471. The temperature dependences (T-n) of both

mobilities were calculated using a linear least-squares fit to the log-

log plots. The results are given in Table 5.

e. Ionization Energy

Only three samples (450, 457, and 471) satisfied the criteria

for quantitative results, namely temperature independent Ra/Rb ratios and

a leakage current of less than one percent of the measurement current.

The mean of the ratios of Ra/Rb and their standard deviation is given in
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Figure 39. Hall Mobility Temperature Dependence
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TABLE 5

Ra/Rb RATIOS AND MOBILITY TEMPERATURE DEPENDENCE

-enera cure Tempera tu re
'.empera cu r e iependence even nce

-al Ranqe %) R n 00 u, 1 0 '

450 i45. - 1.1260 0.49878 2.'04-0.OL 0.78+0.11
i64.7 .0.0241

457 149.7 - 1.2096 0.99687 2.04*'0.08 ..724-0.08
165.0 '0.07,6

471 L34.3 - .3242 0.99322 2.184-O.04 1.36-0.04
165.1 "0.0384

471 209.3 - 0.99322 2.10-0.04 2.59'0.02
322.1

Table 5 as well as the geometrical correction factor f which was

obtained by solving Equation 7 numerically for Ra/Rb as f was varied.

The Hall scattering factor rH was given by Equation 13. The activation

energy E a was calculated from the sheet conductivity using Equation 29

and the sheet carrier concentration Equation 27. Because these

equations describe the compensated region, only data points for

temperatures less than 165 K were used.

A linear least-squ~res fit was made of ln(T 3/2Ps) versus L and

the fit for sample 471 is shown in Figure 41. The results are given in

Table 6 including the uncertainty (Reference 108) of the fit. The

weighted mean (Reference 108) activation energy for the three samples

was 0.229 eV. Fits were also done for the same points without the T-3/2

dependence of the effective density of states of the temperature

dependence of rH (rH = 1). The result was a weighted mean of 0.250 eV.
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Figure 41. Fit of the Sheet Carrier Concentration in the
Compensated Temperature Region
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TABLE 6

IONIZATION ENERGIES

Temp Ea (eV' E_3 (eV) (V) La (eV)

Sample Range in in rn-3/2 1 n Pq In T-3/2P

450 145.6- 0.222 0.226 0.249 0.226
164.7 *0.0002 -0.0002 -0.0003 *0.0003

457 149.7- 0.231 0.234 0.258 0.234
165.0 40.0007 -0.0007 +0.0017 &0.0018

471 134.3- 0.228 0.232 0.254 0.232
165.1 *0.0004 *0.0004 -0.0005 *0.0003

Weichted 0.224 0.228 0.250 0.229
Mean *0.0002 -0.0002 *0.0003 -0.0002

Since the sheet conductivity and the sheet carrier concentration

are calculated from different data on the same sample, the ionization

energy calculated from the former was used as a check on the value
1li

determined above. The plots of sheet conductivity versus T are given

in Figure 42. A linear least squares fit was made of In (Tn- 3/2  ) versus

I s
T, The values of the conductivity mobility temperature dependence, n,

used are given in Table 5. A fit was also done neglecting the Tn -3 /2

temperature dependence. The results are given in Table 6. The weighted

mean of the In (Tn- 3 /2 1 ) fit matches the activation energy determined

from the sheet carrier concentration. The Hall mobility of the implanted

layer is related to the true mobility by Equation 18; therefore, the

true temperature dependence of the mobility is not known. For this

reason, the sheet carrier concentration should give a more accurate

result for the activation energy. The agreement of the sheet

conductivity result serves to confirm this value of 0.229 eV.

A fit was also done for the higher temperature region of sample

471. The ionization energy of 0.124 eV is slightly greater than half of

the low temperature value of 0.232 eV, which is expected in the non-

compensated region according to Equation 30. The low and high

87



AFP.AL-TR-82-411 5

TEMPERATURE (K)
350 300 250 200 150 125

1 0s 0 SRMPLE 471

4- X SRNPLE 457
s 16A, SRMPLE 450

10-6 _

= XA

c=

10-0 _

lO-ijiI_

3.0 4.0 5.0 6.0 7.0 8.0 9.0
1000/T (I/K)

Figure 42. Sheet Conductivity Temperature Dependence
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temperature fits for sample 471 are shown in Figure 42. The knee between

these slopes clearly indicates that the points used to determine the

activation energy from both the sheet carrier concentration and the

sheet conductivity lie in the compensated region.

There was no difference in the activation energy between the two

orientations (100) (sample 450) and (111) (samples 457 and 471) nor

between implant energies of 280 keV (samples 450 and 457) and 560 keV

(sample 471). A higher implant dose did show a change in activation

energy Ea however. Sample 526 was implanted with 1015 ions/cm 2 as

opposed to 1014 ions/cm 2 for samples 450, 457, and 471. It did satisfy

the criterion of a leakage current less than one percent of the

measurement current but had variations of Ra/Rb so that the quantitative

result is in doubt. The fit for sample 526 gave a value of 0.210 ±

0.0008 eV. This indicates that the sample is becoming degenerate with

the higher implant dose.

4. COMPARISON WITH PREVIOUS STUDIES

a. Ionization Energy of Ion-Implanted Silicon

The previously reported ionization energies measured in ion-

implanted silicon are summarized in Table 7. Only very shallow dopants

have been measured with the exception of indium and tellurium (Reference

75) which were measured with the differential Hall-effect technique.

Seidel and MacRae (Reference 81) did not actually measure the ionization

energy of B but compared the slope of their data with experimental

results for bulk doped Si:B in the uncompensated region. They do not

give results for the compensated region of ion-implanted Si:B.

Zastavnyi et al. (Reference 86) found that for Na, complete impurity

exhaustion occurs in the temperature range 250-77 K for any dose in

samples annealed at temperature exceeding 5500C; therefore, the

ionization energy must be measured at temperatures below 77 K. Because

the other dopants listed in Table 7 are similarly shallow, their con-

centration as a function of temperature should be similar to that

reported by Seidel and MacRae and by Zastavnyi et al. Therefore,
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TABLE 7

IONIZATION ENERGIES DETERMINED FOR IMPLANTS

Assumed %*ea-ured 3uLk
.I a ' nt Lmplant .nnea. 7a 0 :o ization :onzution

mplant/Rei Dosecm) Energy(keV) Thickness(..A) Tep 0 C Range K Energy(eV) Energy(eV)

?,/6 ox.OL 3  SO )..5 300 90-330 O.OSS 0.044D

./:5, SlO o 0..S '00 90-330 0.045 .04JD

P/7 IX01 400 550 35-250 0.027 ).044:

,/31 1X.LO 5  400 - 600-850 4.Z-300 banding 0.04D

P/" 3x1013 SO - 500-900 4.2-300 banding O.044D

3x104 SO -- 400-900 4.2-300 bading O.044D

3/1.S :X.,13  150 0.5 760 30-330 0.04S 0.04SA

3/'6 ox1O1 SO 0.5 Sa0 90-300 0.084 0.04SA

3/2b 6x10" SO 0.5 700 90-300 O.OS2 0.34SA

3/27 .L]OjS 00- 480 40-200 dip O.04SA

LiI/" bL~ - S 400 -- 410 16-ZOO 0.029 0.03.M

6/9 6x1013  s0 0.5 6ZO-7120 90-300 0.032 3

'4a/30 6x101 5  30 100. 00 20-7-, 0.035-0.038 D

Na/30 6xJ0 14  so 100. '00 20-77 0.035-0.038 0

.,a/30 6X.OI so 70. g00 20-77 0.03S-0.038 0
tn~1anted both sides

K/29 6xlO 15 s0 O..'S 6zo 90-300 0.073 0

K/29 6x0 13 So- O.25 670 90-300 0.1 0

K/29 6x1O13  s0 0.25 :0 90-300 0.04 0

[n/16 x0L"- Lxl0 3 80 differential 850 11O-2zS 0.160 0.16 A

tn/16 SxlO 14  SO differential 350 I0-23S 3.156 0.16 A

Te/16 4x.O0 z  220 differential 800-900 12S-ZSS 0.140 0
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measurements to determine their ionization energy should also be made

below 77 K.

The slopes reported (References 81, 82, and 85) for higher temper-

ature ranges in Table 7 may actually be the up-slope of the dip reported

for ion-implanted P (References 65 and 87). This dip has only been

reported for degenerate implants but is probably present in lower doses

as well. A dip is seen in the Si:B results of Gioson et al. (Reference1
83). The sheet concentration versus 1 plots reported by MacDonald

and Gaister (Reference 87) and by Wagner and Burkhardt (Reference 65)

are constant for temperatures below 50 K indicating the presence of

metallic banding and making a determination of the ionization energy

impossible.

Except for the results of Zastavnyi et al. (Reference 86), all of

the results of Table 7 are for low temperature anneals. Luminescence

shows that a large number of defects remain in the implant layer for

these anneal temperatures. If electrically active,these defects will

strongly affect the ionization energy results.

With one exception (Reference 83), all of the ionization energies

in Table 7 were determined by assuming a uniform layer and an effective

layer thickness in order to fit the density of carriers equation to the

measured sheet concentration. This neglects the fact that the measured

sheet concentration is given by Equation 16. Also, since the

experimental concentration used in the fit is inversely proportional to

the layer thickness, large errors in the ionization energy are

introduced by not knowing the layer thickness precisely.

The validity of using the differential Hall-effect to measure the

ionization energy of ion-implanted dopants has been deomonstrated

(Reference 75). However, this is a tedious procedure prone to errors in

determining the thickness of the etched off layer.
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The present technique allows the accurate determination of the

ionization energy for implants without making differential Hall-effect

measurements. However, it does require high resistivity measurements in

the compensated temperature region. This study also points out the

importance of monitoring the leakage current and Ra/Rb as a function of

temperature. Hall-effect measurements on implant layers should not be

used at room temperature unless the temperature dependence is known.

This is borne out by the previous P implant results (References 65 and

87) and by this study.

b. Electrical Measurements on Si:Tl

This is the first reported determination of the Si:Tl

ionization energy, Ea, from Hall-effect measurements. This determination

was also confirmed by sheet conductivity measurements. The previous

determinations of Ea from conductivity (Reference 6) and resistivity

(References 1 and 7) measurements neglected the temperature dependence

of Nv and of the mobility. The present value of 0.229 eV is comparable

to the previous values of 0.26 eV (Reference 6) and 0.21 eV (Reference

1), but should be more accurate because of these considerations. This

value is also comparable to the thermal-emission-rate measurement of

0.24 eV (Reference 80).

The first mobility measurements are also reported for Si:Tl. The
2.4Hall mobility temoerature dependence in Table 5 is comparable to the T-

dependence reported (Reference 75) for In implants in Si.
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SECTION V

RBS AND SIMS

1. RUTHERFORD BACKSCATTERING AND CHANNELING

The theory and application of Rutherford Backscattering (RBS) and

channeling effects have been well documented (References 8, 10, 109,

and 110); therefore, only a brief review will be given here. In RBS, a

beam of high energy (1-2 MeV) low mass (generally He) particles is used

as a probe. The probe ions suffer elastic nuclear collisions with the

target atoms and additionally suffer a continuous energy loss as they

move through the lattice, both before and after the elastic collision.

The backscattered ions are collected at a fixed angle and their number

as a function of energy is measured using a solid state detector. The

resulting energy spectrum contains information about the mass of the

atoms in the target as well as their numbers and spatial location

relative to the surface (Reference 109).

If the probe beam is aligned at an angle smaller than some critical

angle (10) relative to a major syTmetric direction, i.e. channeled, the

fraction of probe ions backscattered can be drastically reduced (see

Figure 2). The probe ions suffer only a series of small angle

deflections as they are steered through the relatively open regions

between the atomic rows (Reference 10) (channels). By analyzing the

attenuation of backscattered ions from the major crystallographic

directions, the amount of disorder and the number of impurities not on

lattice sites can be determined.
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a. Depth Sensitivity

A typical RBS spectrum for a semiconductor with an implanted

impurity is shown in Figure 43. For elastic scattering, the energies

before and after scattering are related by (Reference 10);

E = k2E (32)
0where

MJCS-O+ (2 _2 i2 4)2
2  1M1 + M2  (33)

is the scattering angle in the laboratory system (see Figure 44), M1 is

the probe ion mass, and M2 is the mass of the target particle. For , =

1500, k2 is equal to 0.59 for Si and, therefore, the energy of He ions

backscattered from the surface will be Es = 0.59 Eo. Solving Equation 33

for M2 gives:

M2 M M 1( + k - 2k cos )1 - k2

The mass of the target atom M can therefore be determined from the

front edge of the energy spectrum when M, and Eo are known.

The energy of a probe ion backscattered at depth x is given by

(Reference 10)

E(x) Z k 2 [E _ x S(Eo)J _ S(k 2 E ) 2
0 Cos 91 0 cos G2 (35)

where S (E) is the electronic stopping power and -i and 02 are the

angles made with respect to the surface normal. Solving Equation 35 for

depth x gives:

k2E -E
X k 2 0 1 

32

COS 0S(E +Cos 92S(kE°0 (36)
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From Equation 36 the energy spectrum can be converted to a depth

spectrum. The depth resolution of the measurement will then be:

dEdx = S(k2Es
k2 S(E) + 1

Cos 91 cos 92

By using a glancing angle geometry (e.g. -1 = 800 , 2 = 680, see

Figure 45), the cosines will decrease resulting in a smaller dx and

hence better resolution. For T1 target atoms and zl= 800, the resolution

is approximately 25 R/channel.

b. Lattice Disorder

The depth distribution of disorder can be determined from the

energy spectrum of backscattered particles when the probe beam is

channeled (Reference 8). If the probe beam is aligned in a random

direction, the backscatter spectrum consists of a sharp edge at energy Es
corresponding to scattering from the atoms in the surface region,

followed by a smooth, slowly increasing yield at lower energies

corresponding to scattering from atoms at greater depths in the crystal

as shown in Figure 43. This is true regardless of the disorder present

in the crystal. When the probe beam is aligned with a major crystallo-

graphic direction, typically <111>, <110>, or <100> , the beam is split

into channeled beam and random beam components (see Figures 2 and 46).

The probe ions that strike the ends of the rows can interact with all

the atoms within the crystal producing a scattering yield at all depths

within the crystal, and thus form the random part. However, a

considerable portion (95%) of the aligned beam is steered in such a
o

fashion that it does not come closer to the lattice rows than 0.1-0.2 A.

These channeled ions will be deflected from the "forbidden" regions

forming their channel resulting in an oscillating path leading deeper

into the crystal with only a gradual randomization or dechanneling.

Dechanneling increases as the probe ions slow down. Thermal oscil-

lations of the lattice atoms also contribute to the randomization until

eventually all the ions are dechanneled by approaching a lattice atom

within the forbidden region. If there are no interstitial atoms and no
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disorder, channeling the probe beam will result in a 30-fold decrease

(Reference 8) in the yield near the surface and a somewhat smaller

decrease at greater depths. For a real crystal, there will be a small

peak in the yield at the surface, due to the layer of atoms that form the

surface as well as any residual damage or an oxide layer, followed by

the slowly rising aligned spectrum (see Figure 43). The increase of the

aligned yield at lower energies (greater depths) is a result of the

escape of particles from channeling trajectories due to various

scattering mechanisms.

For a damaged sample the surface peak for an aligned beam will be

much larger and rise toward the random level (Reference 10). This

"damage peak" corresponds to large angle scattering from the significant

fraction of atoms located more than 0.2 R from lattice sites in the

disordered region. The width of this peak will correspond to the depth

of the disordered region (Reference 8). The background yield will also

be increased over that of an undamaged crystal due to the additional

"dechanneling" of the analyzed beam in passing through the disordered

region.

At the position of minimum yield behind the surface peak, the

quantity xmin is defined by

Yc
Xmin = (33)

where YR and YC are the yields from a crystal in random and perfectly

channeled positions, respectively. The lowest observed value of Xmi n is

2% in Si due to backscattering of the surface (Reference 109). Xmn is

typically in the 4-6% range. The quantity Xmin gives an indication of

how much the probe beam has been randomized upon passing through the

lattice damage near the surface and it therefore serves as a measure of

the relative amount of disorder present in the implant layer.
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c. Impurity Atom Detection

Scattering from an impurity heavier than Si results in less

energy loss than scattering from Si (Reference 10). The impurity peak

will therefore be separated from the Si backscatter at a higher energy

as shown in Figure 43. The impurity depth distribution can therefore be

determined by Equation 36. If the implant distribution is Gaussian

(Equation 1), the center of the backscatter peak will be the projected

range Rp. For a Gaussian distribution, the standard deviation -Rp is

related to the full width at half minimum (FWHM) by

1
A1RD =FWHM39

2 /21 n2 (

If the probe beam flux is assumed uniform across a channel as

Figure 2 indicates, then the lattice location of impurity atoms can be

located by channeling along the <100> or <111> directions and the <110>

direction. From Figure 46, if an atom lies within a crystal row, it will

not be "seen" when the probe beam is aligned along that crystal row.
0

However, if it lies at a position within the channel more than 0.2 A from

the crystal row, it will interact with the probe beam and cause

backscattered ions. The peak area corresponding to impurity backscatter

is therefore a measure of those atoms which occupy positions within the

open channel and can be "seen" by the beam. The reduction in yield from

the impurity between random and aligned exposures can therefore be used

as a measure of the proportion of impurity that is located along the

lattice row in question (Reference 10). From Figure 46 we see that

tetrahedral interstitial positions are "hidden" from the beam along the

<100> and <111> directions but not along the <110> direction. Hence, by

making measurements along either a <111> or <100> direction, a <110>

direction, and a random direction, it should be possible in principle to

determine (Reference 8) the fraction of impurity atoms located:

0
(1) Within 0.1 - 0.2 A of the substitutional lattice sites

0

(2) Within 0.1 - 0.2 A of the tetrahedral interstitial sites

(3) In some random locations other than (1) or (2).
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Figure 46. The U11 Plane of Silicon Showing the Locations
Seen by a Channeled Probe Beam Along the Major
Crystalline Directions <110 > , <111> , and <100>
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Unfortunately, recent experiments have shown that the probe beam is

not uniformly distributed between the rows (Reference 10) and this makes

quantitative determination of the impurity atoms by this technique very

difficult. The flux can be enhanced ("flux peaking") in the central

region of the channel by as much as 100% above that in a random direction

(References 10 and 11).

d. Previous RBS Studies of Si:Tl

Several RBS studies (References 79, 111-117) were conducted on

Ti implanted Si during the 1968-1970 time frame. By channeling 1 MeV He

ions along <111> and <110> directions, TI was found to be 30%

substitutional, 30% interstitial and 40% located in random positions

(Reference 111) for hot implants (4500C). For room temperature implants

of 1013 ions/cm 2 or less (Reference 114) atoms were found to be 80% on

substitutional sites, with the substitutional component decreasing with

dose. For both hot and room temperature implants, the T1 atoms moved

from substitutional to interstitial sites (Reference 112) for anneal

temperatures from 500-6000 C. They then moved to some sort of nonregular

precipitation center at temperatures above 6500 C. Implanting TI into Si

which was previously implanted with group V atoms was found to increase

the substitutional component of Tl. When TI implanted Si was bombarded

with a 1.8 MeV 12C beam, Tl moved from substitutional sites to

interstitial sites (Reference 115). Fladda et al. (Reference 115)

hypothesized that Si interstitial atoms created during bombardment

diffuse to substitutional Ti atoms and displace them into interstitial

sites.

Domeij et al. (Reference 116) published the last article in this

1968-1970 series. They measured the yield of scattered 1.8 MeV 12C-ions

as a function of the angle of incidence. Around the <111> direction, the

normal channeling dip was observed. Around the <110> direction, either

a narrow peak or a narrow peak superimposed on the channeling dip were

found. Their conclusion was that the peak was due to the interaction of

the orobe beam with Ti atoms located in the tetrahedral interstitial

sites (see Figure 46). The probe beam would not see these atoms when
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aligned along the <111> direction. The <110> aligned yield for

interstitial Zr atoms in Si was over twice the Zr atom random yield.

This can be explained by the flux peaking within the central region of

the channel. As a result, the substitutional determinations found in the

previous work needs to be corrected for this flux peaking effect. For

example, assuming the yield from tetrahedral interstitials is twice the

random yield, a Tl sample that previously had been assigned 0%

substitutional and 45% interstitial would really have 22.5% and 22.5%,

respectively (Reference 116).

All of these studies were done with implantation energies of 40 keV
0

(Rp = 214 A) or less and on (111) silicon. Anneal times were typically

for 10 minutes which would correspond to an epitaxial regrowth of only

30 A at 5500C. Consequently the high temperature anneals would result in

a polycrystalline layer with extended defects (References 14 and 15)

allowing all of the Tl to escape to the surface. With a typical depth
0

resolution of 300 A, the depth location of the TI could not be

determined. Blood et al . (Reference 15) found that 80% of the In escaped

to the surface for high temperature anneals of 100 keV implants in (111)

Si. Ti has a lower solubility than In which would probably result in an

even higher loss.

Hirvonen (Reference 11) also studied 200 keV TI implants in Si with

RBS and channeling. He measured the disorder generated by room

temperature and hot implants. For low doses (<1013 Tl/cm 2 ), the disorder

increased linearly with dose and then saturated for doses greater than

4 x 1013 Tl/cm2 . Isochronal (10 min) anneal treatments showed little

annealing of an amorphous layer for temperatures below 5000 C. A sharp

reduction in disorder was seen between 5000C and 600 0C followed by a

further decreaseat 7000 C. Subsequent annealing above 7000C showed

little decrease in the disorder. The lattice location of the TI atoms

was also determined for one i014 Tl/cm2 , 200 keV room temperature

implant. Thermal annealing produced the following components: 650 0 C,

42% substitutional/15% interstitial; 7000C, 0% substitutional/45%

interstitial; and 8000 C, 5% substitutional/36% interstitial. After 11

days at room temperature, the interstitial component had decreased to 12%

103



AFWAL-TR-82-4115

while the substitutional component remained constant. This implies a

room temperature diffusion and precipitation of interstitial TI. The

sample orientation was not specified, but if it were <I11> , the layer

would regrow as polycrystalline Si at these annealing temperatures with

grain boundaries and extended defects for the Ti to precipitate at.

Hirvonen notes that the interstitial component may be overestimated due

to the flux peaking effect but does not make a correction for this. A

larger substitutional component would then also be expected.

e. RBS Results

RBS data were taken and analyzed at the University of Salford,

Salford, England. The experimental apparatus for the results reported

here is given by Christodoulides (Reference 118). The samples were

analyzed by RBS in both random and channeling modes with 2 MeV 4He+. In

addition to the typical RBS configuration (Figure 44), the glancing angle

configuration (Figure 45) was also used which gives a depth resolution
0

of approximately 30 A with 9 1= 80o and 02 = -68
.

The unannealed energy spectrum for Si implanted at room temperature

to a dose of 1 x 1014 T1 ions/cm 2 at 280 keV is shown in Figure 47 using

high resolution. The energy spectrum has been converted to depth and

the TI spectrum is shown on the same depth scale as the silicon spectrum.

The resulting amorphous layer extends well beyond the mean ion range R
0 p

R for 280 keV implants was approximately 1000 A with a standard
p 0

deviation R p of 215 A. From Equation 2, the peak concentration was then
1.6x o9  3

1.86 x 101 atoms/cm3 . The depth of the amorphous layer was
0

approximately 1750 A. The mean range, Rp, for the 560 keV room

temperature implants was estimated to be approximately 1800 A while the
amorphous layer extended to a depth of 2800 A. Similar results were

obtained from both (100) and (111) substrates for the same implant

energies.
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The spectra for the probe beam aligned along the <100> direction in

(100) Si implanted at 280 keV is shown in Figure 48 using the typical

RBS configuration. Plots are given for as implanted, annealed at 550 0C,

and annealed at 550 0C plus a 9400C anneal. From this figure it can be

seen that after annealing, a substantial reduction in the damage peak

areas takes place. Data for the samples analyzed with RBS is presented

in Table 8. The values of xmin show that nearly all the disorder was

removed for the (100), 280 keV sample after the 550 0C anneal. However,

for the (111) sample considerable disorder remains after the 550 0 C

anneal. A possible explanation is that the sample was not completely
0

regrown after the first anneal. Assuming a regrowth rate of 180 A/hr
0 0

fcr (111) Si, only 1080 A of the 1750 A amorphous layer would be regrown

in 6 hrs. The disorder has been removed, however, after the high

temperature anneal (Reference 15).

The Tl distribution has shifted toward the surface after the

annealing; however, a large percentage of the Tl remains in the Si after

the two-step anneal (5500C + 940 0C), Figure 48. Additionally, the

surface disorder is greater after the 9400 C anneal than after the 550 0C

anneal. The backscattered spectrum for the same samples as in Figure 48

with the probe beam aligned along the 100> direction but with the

detector at an angle S2 = 800 is shown in Figure 49. The greatly

improved resolution shows an oxygen peak located at the surface. This

suggests that an oxide layer may have been grown on the surface during

the high temperature anneal. This amorphous oxide layer could account

for the larger surface disorder.

The attenuations (the percentage decrease in the area under the T1

peak in going from a random to an aligned direction) in Tl backcattered

ions for a channeled probe beam are also given in Table 8. The attenu-

ation percentage corresponds to the minimum percentage of T1 atoms

located in the row of atoms with which the probe beam is aligned (<111'

or <100>). It is impossible to determine if the Tl atoms in the row are

located at substitutional or interstitial sites from measurements along

only the <111> or <100> directions.
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The lower Tl attenuation percentages for the (111) samples, nearly

one half, may again be accounted for by the amorphous layer not being

completely regrown at 5500 C. This might allow the aggregation of Tl

atoms in extended defects created by the high temperature anneal of the

remaining amorphous region. All (111) samples annealed after the RBS

study were annealed at 550°C for over 14 hrs to insure the amorphous

layer was epitaxially regrown.

2. SECONDARY ION MASS SPECTROMETRY

The secondary ion mass spectrometry (SIMS) technique employs a

focused primary ion beam to bombard the sample and analyzes the small

fraction of sample atoms that leave the surface as ions. A certain

percentage of the sputtered particles (secondary ions) will be ionized.

These secondary ions are then swept away by an electric field and passed

through a mass analyzer. If the secondary ion signal of an element of

interest is monitored as a function of time, a depth profile of the

element will be produced (Reference 119). If the total depth is measured

for a uniform sputtering rate, the sputtering time can be translated to

depth.

SIMS profiles for different energy Tl implants in (111) Si were

furnished by Dr. R. G. Wilson of Hughes Research Laboratories, Malibu,

CA. The as implanted depth profiles are shown in Figure 50. The

profiles are nearly Gaussian and the peaks for 300 keV and 600 keV
0 0

closely match the projected ranges of 1000 A for 280 keV and 1800 A for

560 keV determined by RBS. The maximum Tl concentration for the 300 keV

implant is 5.5 x 10 8Tl/cm3 . This is in close agreement with the peak

concentration of 1.86 x 1019 Tl/cm 3 estimated for 280 keV implants

(subsection le) when allowance is made for the fact that its dose was 2.5

times the SIMS sample dose. Depth profiles after a 20 min 8000C anneal

are given in Figure 51. The bulk of the Tl remains in the Si in

agreement with the RBS results. Note that the tail of the Tl
0

distribution extends out to 8000 A for the 300 keV annealed sample and
0

beyond 10,000 A for the 600 keV annealed sample.
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SECTION VI

CONCLUSIONS

The feasibility of using ion-implanted Si:Tl as a photoconductor

material has been established. The implanted TI has been shown to be

both optically and electrically active. Further research is necessary

to establish if high enough concentrations of active implanted TI can be

attained in Si to use it in an operational detector. The purpose of

this research was not to fabricate an operational detector but to

characterize the implanted layer. In addition to successfully

characterizing implanted Si:Tl, this study established techniques for

evaluating implanted layers in Si. The specific conclusions determined

concerning Si:Tl are listed below folowed by the techniques developed

during this study.

1. Previous Si:Tl luminescence results were confirmed with better

resolution in both bulk doped and implanted samples. The BE

localization energy was determined to be 44.3 meV which is consistent

with previous measurements of 43.8 meV (Reference 4) and 44.2 meV

(Reference 33). The BE(TA) phonon replica was observed for the first

time. The four excited stated (Reference 33) of the BE(NP) were also

resolved in the annealed implanted Si:Tl layer indicating a high quality

regrown lattice structure.

2. A new unidentified transition U was observed 33.9 meV below

the BE(NP) peak. Temperature and pump power characteristics indicate it

has the same initial state as the BE transition. Its characteristics

are analogous to those of the line located 4 meV below the BE(NP) in

Si:In (References 28, 29 and 31) and it is probably caused by the same

mechanism.

3. The electrical and optical activation both increased with

increasing temperature of the second anneal of the two-step method. The

optical activation was determined qualitatively by the BE(NP):FE(TO)

ratio of the luminescence spectra taken at the same temperature for the
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same depth implants. Electrical activities were compared qualitatively

by sheet carrier concentration measurements. The Tl activation occurred

after the epitaxial regrowth at 550 0 C and increased with the temperature

of the second anneal through 9400 C. These results do not agree with

previous RBS results (Reference 112) that the substitutional component

decreases with high temperature anneals; however, the previous studies

were for low energy implants for which outdiffusion is expected.

4. RBS and SIMS results confirmed that a high concentration of Tl

was retained in the Si after annealing. RBS results in the present

study do indicate a decrease in Ti along the <111> and <100> rows which

may indicate that the interstitial component is decreasing by dilfusion.

This is supported by a decrease in the interstitial component at room

temperature reported by Hirvonen (Reference 11). At least 27% of the Ti

atoms lie along the <100> row for (100) Si after the 9400C anneal;

however, the substitutional component could not be determined.

5. The sheet carrier concentration increased with dose at the

same implant energy and also with implant energy at the same dose as

expected. No differences were seen between (111) and (100) Si

substrates. Unfortunately, absolute values for the acceptor

concentration could not be determined due to the concentration variation

with depth.

6. No significant difference was seen in the sheet carrier

concentration between a single temperature anneal of 800 0C and two-step

anneals of 5500 C and 8500C. However, luminescence of single-step

annealed samples indicated localized spots with high TI concentrations

and large regions with primarily intrinsic Si luminescence. This can be

interpreted as due to the formation of polycrystalline Si with some of

the crystals containing high concentrations of T. This result points

out the necessity of using the two-step anneal with long enough 5500C

anneals to completely regrow the implant layer epitaxially.
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7. The Hall mobility for implanted Si:Tl varies as T-2 ,4 in the

temperature range 135-165 K. The conductivity mobility in the same
temperature range varies at T-1 "86 corresponding to scattering due to

lattice vibrations. This was the first mobility measurement for Si:Tl.

8. The ionization energy was determined to be 229 meV by the

first Hall-effect measurements of implanted Si:Tl. This value was

confirmed by sheet conductivity measurements. It is comparable to

previous electrical measurements of 0.26 eV, 0.21 eV, 0.23 eV, and 0.24

eV; however, it is somewhat smaller than the optical ionization values

determined by absorption, 246 meV (Reference 5) and 255 meV (Reference

3).

9. Luminescence is a powerful tool for detecting optically active

defects in Si. This was the first luminescence study of defects caused

by heavy ion implants in Si. The same sharp line defects were identified

as in other studies (References 13, 36, and 38) with light ions. This

confirms that the defects are dopant independent. In addition, better

resolution was achieved which showed that several of the previously

reported lines are split casting doubt on their earlier identification.

The following peaks were identified in room temperature anneal implants:

1.034, 1.018, 1.000, 0.996, 0.981, 0.970, 0.967, 0.963, 0.955, 0.951,

0.948, and 0.898 eV. The peaks at 0.970 and 0.898 eV were also

introduced by laser irradiation and had previously been reported

(Reference 51) for gamma ray and fast neutron irradiation.

10. The defects introduced by ion-implanting can be completely

removed by a two-step (5500C + 9400C) thermal annealing procedure. The

original defect luminescence is replaced by an intense broad peak after

the implant layer has been regrown epitaxially at 550 0C. This structure

is nearly gone after a 7500C anneal and the defect structure is

completely annealed out after a high temperature anneal at 9400C.

11. Optical activation of the TI was observed for all samples

after epitaxial regrowth at 5500 C. Luminescence of an implanted dopant
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in Si has not been previously reported with the exception of Nakashima

et al. (Reference 42) who reported P luminescence only as a shoulder of

the B BE(NP) peak. Luminescence associated with the implanted species

was not observed in the previous luminescence studies of implant

defects.

12. The FE spectra from the substrate taken at the same temper-

ature can be subtracted from the combined luminescence to yield only the

dopant associated luminescence. This new technique should prove to be

useful to study other implants in Si.

13. Leakage currents, which may have a significant effect on elec-

trical measurements, are produced when a p-n junction is used to isolate

the implanted layer from the substrate. However, the leakage current

can be monitored during Hall-effect and resistivity measurements via a

contact to the substrate in order to determine the validity of the

measurements. Data was used quantitatively in this study only if the

leakage current was less than 1% of the measurement current. Also, the

Ra/Rb ratio needs to be monitored to insure that it remains constant

with temperature.

14. The ionization energy of dopants can be determined for implant

layers by temperature dependent Hall-effect measurements in the compen-

sated temperature region even though the acceptor concentration varies

with depth. The ionization energy can also be determined from tempera-

ture dependent sheet conductivity measurements in the compensated tem-

perature region.
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SECTION VII

RECOMMENDATIONS

1. IMPLANTED SI:Tl

Si:Tl remains a very viable candidate for an infrared charge-

coupled array detector material as the results of this study indicate.

It is a slow diffuser in Si and has a high sensitivity in the 3-5 micron

spectral range with a high temperature background limited performance.

These characteristics are unmatched by any other known dopant in Si. For

this reason further research should be conducted on Si:Tl.

The Si:Tl implants should be studied by photoconductivity and the

detectivity for an implant layer determined. A 1014 Tl/cm 2 implant at

over 500 keV into 100 ohm-cm n-type Si would be a good choice for this

study. The p-n junction should be reverse-biased and the leakage current

monitored during measurements as described for the Hall-effect

measurements in this study. Further RBS studies should investigate the

effects of flux peaking in Si:Tl and determine the substitutional

component for deep implants accurately. The early RBS results for

shallow implants should be repeated for deep implants to see if Tl is

indeed 80% substitutional for low dose implants.

Novel techniques should be explored to produce thick enough layers

by implanting for use as an operational detector. The state-of-the-art

bulk grown Si:Tl sample contain large amounts of Sn, B, and donors.

These impurities may lower the operational temperature, decrease the

mobility, and affect the long wave characteristics of the spectral

response. High energy channeled implants coupled with in situ laser

annealing during the implantation is one possibility. Also, multiple

layers of Si might be grown epitaxially with each successive layer

implanted and annealed.
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2. IMPLANT TECHNIQUES

The luminescence and Hall-effect techniques developed in this study

have important potential for studying implants in Si. Luminescence

allows the monitoring of the defects introduced by implantation following

each anneal step through to the final doped material. This is

particularly important for detectors produced by implantation since the

defects will adversely affect the photoconductive properties.

Luminescence will also be invaluable in studying laser annealing of

implants since laser irradiation introduces defects itself. With

luminescence, the defect levels and optical activation could be monitored

in situ after each laser annealing pulse. The luminescence technique

for implant layers can be improved by using a nitrogen or ultraviolet

laser, or a low energy, high current electron beam for excitation which

would be absorbed in a thinner surface layer resulting in less inter-

fering FE luminescence from the substrate. Luminescence of implant

layers is complemented by temperature dependent Hall-effect measurements.

The ionization energy can be determined for implant layers by

temperature dependent Hall-effect measurements in the compensated

temperature range providing an easier alternative to tedious and error

prone differential Hall-effect measurements. This technique is very

important for dopants such as Tl which are not easily introduced by bulk

doping or diffusion. Also, room temperature measurements should not be

used to evaluate implants, such as in laser anneal studies, unless the

temperature dependence of the carrier concentration has been determined.
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