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Abstract. D i a m o n d is a crystal with extremely s t rong 
a tomic bonds . It is characterised by very low equil ibrium 
pa rame te r s of the solubility and diffusion coefficients of 
impuri t ies . Ion implan ta t ion therefore represents a na tu ra l 
al ternat ive doping me thod . The publ ished exper imental 
results show tha t p- type and p + - t y p e layers can be formed 
by b o r o n ion implan ta t ion . Implan ta t ion of L i + and C + 

p roduces n- type layers. D i a m o n d films grown in the 
presence of p h o s p h o r u s and sodium can also be 
electrically conduct ing. The efficiency of this me thod of 
in t roducing electrically active centres varies strongly with 
the t empera tu re of d i amond dur ing implan ta t ion and with 
the condi t ions dur ing the subsequent anneal ing. 

1. 'S hallow' acceptors and donors in diamond 
In very few cases the na tu r a l processes of g rowth of 
d i amond have led to the format ion of b o r o n - d o p e d 
semiconductor crystals. It follows tha t there is a way for 
direct imita t ion of na tu re . The proper t ies of na tu r a l and 
synthetic d i a m o n d s conta in ing b o r o n have been described 
[1—3]. Judging by the available da ta , dop ing of synthetic 
d i amond single crystals dur ing growth with impuri t ies tha t 
can have fairly shallow donor levels has not yet yielded the 
results comparab le with the donor dop ing of G e and Si 
crystals. The me thod of s imul taneous pro longed 
appl icat ion of high pressures and t empera tu res is complex 
and costly [1]. Moreover , the technologies used current ly to 
g row d i a m o n d s at high t empera tu res and pressures result in 
an inhomogeneous dis t r ibut ion of b o r o n a t o m s in a crystal. 
A n at t ract ive al ternat ive of growing semiconductor 
d i amond films from a gaseous p lasma, conta in ing 
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h y d r o c a r b o n dissociation p roduc t s , is n o w being rapidly 
developed [4]. 

The existing theoret ical models described by Bernholc 
et al. [5] are in agreement with the exper imental da ta on the 
effects of b o r o n a t o m s replacing ca rbon and act ing as 
acceptors with a fairly shallow energy level (EY + 0.37 eV). 
It follows from these models tha t it would be desirable to 
cont inue the search for nonequi l ibr ium m e t h o d s tha t can be 
used to in t roduce impuri t ies with shallow donor levels. 
These impuri t ies include Li, N a , and P. 

G r o w t h of d i amond films from a p lasma [4, 6] and ion 
implan ta t ion are typical nonequi l ibr ium processes. It is 
these two me thods , developing in parallel , tha t should 
become the foundat ion for extensive use of d i a m o n d s in 
technology. Table 1 provides basic informat ion abou t the 
expected and also the experimental ly detected impur i ty 
centres with shallow energy levels in d i amond . 

2. Radiation damage and phase transitions 
Some of the exper imental invest igations of ion 
implan ta t ion in d i a m o n d have been carried out at very 
high energies — u p to 50 M e V [7], bu t the majori ty of the 
publ ished results have been obta ined under m o r e usua l 
condi t ions (40 — 350 keV). The range of unchannel led ions 
agrees qui te well with calculat ions [8]. There are publ ished 
da ta on the channell ing, studied b o t h to check the theory 
of the process and to determine the micro s t ructure of 
impur i ty centres and defects; the latter aspect will be 
considered later. The pa rame te r s in the expression for the 
min imum yields of backscat te red part icles from d i a m o n d 
are very different from the cor responding pa rame te r s of 
silicon and ge rmanium: the rat io u\la, where u\ is the 
average ampl i tude of the lattice v ibra t ions and a is the 
T h o m a s —Fermi screening radius , is 0.17 for d i amond , bu t 
it is close to uni ty for G e and Si. D a t a on the channell ing 
of p r o t o n s in carefully selected highest qual i ty na tu ra l 
d i amond crystals have been repor ted by D e r r y et al. [9]. 
The t empera tu re dependence of this yield on the distance 
between the a tomic chains in a channel are in agreement 
with the theory [10]. In the nearest future we can also 
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Table 1. Shallow-level centres in diamond (atoms of N replacing C have deep donor levels). 

Acceptors Donors 

Theory 
Impurity 

Energy level, eV 
Activation energy 
Efficiency of doping 

by implanation 
Efficiency of doping during 

growth of diamond films 
Remarks 

Ref. [5] 
Boron 

(replacing C) 
0.37 
0 . 3 7 - 0 . 0 9 

> 10% 

Ref. [5] 
Lithium 

(at interstices) 
0.1 + 10% 
0.1 eV 

- 1 % 

> 10% 
Boron is acceptor in Substitutional 

natural semicon- Li inactive? 
ductor diamonds See Table 2 

Ref. [5] 
Sodium 

(at interstices) 
Carbon 
(in complexes) 

Disappears 
annealing 

Ref. [5] 
Substitutional 

phosphorus 
0 . 0 9 - 0 . 0 3 

Low 

Antimony 

Low 

tfter Low solubility 

at > 800 °C 

Table 2. 

Energy of Dose/ ions Mobil i ty/cm 2 Surface Surface 
L i + ions/keV c m - 2 V - 1 s _ 1 d e n s i t y / c m - 2 conduct-

iv i ty /Q- 1 

110 4.0 x 10 1 5 870 + 10% 5.2 x 10 1 0 7.3 x 1 0 ~ 6 

310 3.0 x 10 1 5 650 2.4 x 10 1 0 2.6 x 1 0 ~ 6 

350 3.0 x 10 1 5 1070 2.3 x 10 1 0 4.0 x l 0 - 6 

110 2.5 x 10 1 6 1030 2.3 x 10 1 0 3.8 x 
i o - 6 

expect da ta on the channell ing in large synthetic d i amonds , 
which will be very interest ing in relat ion to the task of 
determining the qual i ty of their crystal lattice. W e cannot 
exclude the possibili ty tha t the channell ing in d i amond m a y 
have some pract ical appl icat ions, in view of the da ta 
obta ined for Si and G a A s [11, 12]. 

Very impor t an t and only par t ly unde r s tood topics are 
related to the n a t u r e of the spatial dis t r ibut ion and stability 
of rad ia t ion defects, which appear unavo idab ly in d i a m o n d 
as a result of ion implan ta t ion . The me thod for 
identification of such defects has been described in 
several m o n o g r a p h s [1, 2, 7] and is still being developed. 
M a n y researchers have been justifiably caut ious and even 
pessi-mistic abou t ion implan ta t ion doping of d i a m o n d 
because of the existence of other phases (graphi te and 
a m o r p h o u s carbon) . The first exper iments on the 
implan ta t ion of b o r o n and other impur i ty ions [13] did 
no t include the measurements of the Hal l effect and the 
observed increase in the conduct ivi ty could no t be 
interpreted unambigu-ous ly as the result of in t roduct ion 
of shal low acceptors . The condi t ions under which par t ia l or 
complete recovery of the crystal lattice of d i amond can t ake 
place have subsequent ly been identified for the implan ta t ion 
of b o r o n [14]. References to earlier work can be found in 
the m o n o g r a p h by the present au tho r s [2]. The ESR m e t h o d 
used by Bros ious et al. [15] has provided an independent 
confi rmat ion tha t the rmal (quasiequi l ibr ium) anneal ing of 
ion- implanted d i amond restores the crystal lattice. Later 
invest igations carried out in the U S A [16] have revealed 
regrowth of d i a m o n d films after their s t ructure has been 
strongly dis turbed by ca rbon ion implan ta t ion . It has been 
demons t ra ted earlier tha t the implan ta t ion of C + in 
d i amond creates donor centres [17, 18]. The usua l p r o ­
longed anneal ing restores the lattice if the implan ta t ion 

dose (fluence) is less t han 0.9 x 1 0 1 4 c m - 2 at 350 keV, bu t 
the degree (efficiency) of act ivat ion of the impur i ty centres 
is very low [19]. Above a critical dose of 1.5 x 1 0 1 4 c m - 2 

350-keV S b + ions the accumula t ion of rad ia t ion d a m a g e 
results in graphi t isa t ion of d i a m o n d dur ing subsequent 
anneal ing, as observed earlier also after implan ta t ion of 
other ions [2]. In some cases the effects of rad ia t ion d a m a g e 
have been minimised by implan ta t ion of ions in d i a m o n d 
heated to high t empera tu res [19—21]. This me thod can 
indeed avoid graphi t isa t ion and some of the implanted 
impur i ty a t o m s then occupy subst i tu t ional posi t ions at the 
regular sites, bu t a paral lel process is the generat ion of a 
large number of dislocat ions and possibly also of clusters of 
intersti t ial a toms as a result of the inter-act ion between 
poin t defects in the implanted layers [22]. Such defect 
clusters are very stable, they do no t d isappear even after 
anneal ing at 1450 °C, and they give rise to deep-level centres 
tha t compensa te the effects of the implanted impuri ty , 
which is frequently typical of wide-gap crystals. 

In 1988 Pr ins p roposed [23] a quali tat ively new me thod 
of double implan ta t ion of an electrically active impur i ty 
and carbon ions in d i a m o n d crystals kept at fairly low 
(liquid ni t rogen) t empera tures . Pr ins suggested tha t a 
subsequent brief h igh- tempera ture anneal ing immediately 
after implan ta t ion m a y result in a m o r e effective act ivat ion 
of the impur i ty because of a high concent ra t ion of vacancies 
and intersti t ial a toms , which hard ly diffuse at the 
implan ta t ion t empera tu re . The effects of a brief 
anneal ing of ion- implanted d i amond and the critical 
doses above which a m o r p h o u s layers are formed were 
investigated by Pr ins by the me thod of the Ru the r fo rd 
backsca t te r ing and optical absorp t ion measurements . The 
selected highest qual i ty na tu ra l d i amond crystals were 
implanted with C + ions in doses from 1 0 1 5 to 3 x 1 0 1 5 

c m - 2 a long a direction excluding channell ing and the ion 
energy was 200 keV. This was followed by two-minu te 
anneal ing in a qua r t z furnace in a s t ream of a rgon at 1100 
°C. Similar samples were subjected to convent ional 
( i sochronous) anneal ing in a vacuum furnace. The 
amorph i sa t ion dose was found to lie between 1.65 x 
1 0 1 5 and 3 x 1 0 1 5 c m " 2 for 200-keV C + ions at 77 K. 
At lower doses, b o t h brief anneal ing at 1100 °C and 
i sochronous anneal ing at 900 °C restored the s t ructure. 
The results of anneal ing were however very different after 
larger doses. I sochronous anneal ing at 900 °C resulted in 
epitaxial growth , i.e. res tora t ion of an almost perfect 
crystalline d i amond under a graphit ised layer at the 
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surface, whereas brief anneal ing p roduced a poly crystalline 
layer. 

Prawer et al. [24] restored the s t ructure of 'bur ied ' 
r ad ia t ion-damaged layers in na tu r a l d i amond — the result 
of implan ta t ion of 2 .8-MeV C + ions — by brief anneal ing 
with short (14 ns) laser rad ia t ion pulses. The range of these 
ions and its scatter were Rp ± ARP = 1.48 + 0.06 um. The 
laser rad ia t ion wavelength was 531 nm. It was est imated 
tha t the energy density in the dis turbed layer of d i a m o n d 
was 200 J c m - 2 per pulse. This value was considerably 
higher t han the melt ing threshold of graphi te (0.6 J c m - 2 

per pulse) or silicon (2 J c m - 2 per pulse) [25, 26]. The 
thickness of the disordered layer was est imated to be abou t 
200 n m . These est imates were deduced from the projected 
range of ions and its scatter, given by Ziegler et al. [27]. 
Implan ta t ion of C + ions took place in samples kept at 
abou t 77 K when — according to Pr ins et al. [28] — the 
resul tant poin t rad ia t ion defects in d i amond were 
practical ly immobile , which reduced the probabi l i ty of 
format ion of m o r e complex defects tha t might be m o r e 
difficult to anneal . 

One of the unexpected results was tha t a dose of 1 0 1 5 

c m - 2 of the C + ions, which at an energy of 90 keV 
amorphised the surface layer, did no t result in 
amorph i sa t ion when the same C + ions penet ra ted much 
further. This indicated tha t the existence of a crystalline 
layer above a region where implanted ions are s topped 
reduces the disorder ing probabi l i ty . Accord ing to the ideas 
of Prawer et al. [24], which are fully justified and date back 
to the well k n o w n work of B r inkman publ ished in 1954 [29], 
each region at the end of the ion range can be regarded as 
represent ing briefly a very strongly excited vo lume of 
mat te r where the crystal s t ructure is no t retained and 
which cools in approximate ly 100 per iods of the lattice 
v ibra t ions ( 1 0 - 1 1 s). N o est imates have yet been m a d e of 
the p robab le pressure which the su r round ing crystal exerts 
on such a region [29]. 

In the case of the results of Prawer et al. [24] it is wor th 
no t ing par t icular ly tha t if a laser is used in anneal ing, the 
range of energies deposi ted in the crystal and result ing in 
res tora t ion of the lattice is only slightly be low the threshold 
at which peeling of the whole d i amond layer crossed by the 
implanted ions can t ake place (Prawer et al. used the term 
abla t ion) . W e can see from the results of the optical 
absorp t ion and Ru the r fo rd backsca t te r ing measurements 
tha t anneal ing with single laser pulses results in only a 
par t ia l res tora t ion of the lattice. Accord ing to Prawer et al., 
repeated pulsed anneal ing should be m o r e useful in future 
pract ice. A typical dis t r ibut ion of the implanted impuri t ies 
and rad ia t ion defects has been repor ted by Zaitsev [7] m a n y 
of whose experiments were carried out with ions of very 
high energies (up to 70 MeV) . Zai tsev [7] has pu t forward 
the idea of fabricat ion of a r rays of m e m o r y elements by 
i r ra-diat ion of d i amond with single high-energy ions, by 
anal-ogy with the existing me thod used for sodium glasses 
[30]. 

3. Characteristics of doping during growth and 
of ion implantation in epitaxial and 
polycrystalline diamond films 
The m e t h o d of growing epitaxial d i amond films on 
d i amond substra tes had been described by Aleksenko 
(Alexenko) and Spitsyn (Spitzyn) [6], who employed a 

p lasma gas discharge in a static electric field. Other 
m e t h o d s have been developed by Amer ican and Japanese 
au tho r s [4]. Aleksenko and Spitsyn [6] repor ted tha t films 
grown from a p lasma in the presence of b o r o n conta ined 
this impur i ty and when the concent ra t ion of b o r o n was less 
t han 0 . 1 % , its a t o m s were located pr imari ly at the lattice 
sites. They were able to g row films with a very low 
resistivity (up to 1 0 - 3 Q cm), bu t the carrier mobil i ty did 
no t exceed 15 c m 2 V - 1 s _ 1 , which was approximate ly 100 
t imes less t han the mobil i ty of holes in d i amond single 
crystals of sufficiently good quali ty. 

Some progress has also been m a d e in the growth of 
d i amond films conta in ing donor impuri t ies , par t icular ly P 
and Sb. Judging by the results obta ined in M o s c o w [6] and 
in J a p a n [31], the efficiency of format ion of donor centres is 
low, i.e. the major i ty of an t imony and p h o s p h o r u s a t o m s 
remain neu t ra l or their effects are compensa ted by simul­
taneously formed deep-level cap ture centres ( traps). This is 
in agreement with theoret ical predic t ions [5]. 

The first repor t of ion implan ta t ion in epitaxial and 
poly-crystall ine d i amond films was presented at a recent 
seminar in M o s c o w [32]. Single-crystal epitaxial films were 
grown on oriented d i a m o n d substra tes from a gaseous 
phase by the me thod of Spitsyn et al. [33]. F i lms grown 
on tungsten substra tes were polycrystal l ine. Semiconductor 
films, con-tact regions, and s tructures for measurements of 
the Ha l l effect were p repared by the m e t h o d s of 
pho to l i t hog raphy and ion implan ta t ion . The energies of 
the ions and the implan ta t ion dose were calculated to 
ensure tha t the concent ra t ion of b o r o n in the doped 
layer was 1.2 x 1 0 2 0 c m - 3 . The contact regions were 
formed by the implan ta t ion of b o r o n in a dose of 5 x 1 0 1 5 

c m - 2 . Annea l ing took place in a graphi te container in 
» 1 0 - 4 Pa vacuum. A n investigation of the dependence of 
the con-ductivi ty of the doped films on the anneal ing 
t empera tu re was in a qual i ta t ive agreement with the 
results of anneal ing of B + - i m p l a n t e d na tu ra l and 
synthetic d i amond crystals. 

After anneal ing at t empera tu res up to 800 °C the 
conduct ivi ty of single-crystal and polycrystal l ine layers 
was found to be due to rad ia t ion defects, which 
disappeared at higher anneal ing t empera tu res [2, 23]. 
Electrical act ivat ion of b o r o n began from 1300 °C. It 
was found tha t a further increase in the t empera tu re of 
anneal ing of single-crystal films right up to 1600 °C 
increased the conductivi ty. The act ivat ion energy of 
conduct ion was abou t 0.1 eV and the hole mobil i ty 
(deduced from the Hal l effect) did no t exceed 6 c m - 2 

V - 1 s _ 1 . At higher t empera tu res the films fractured. 
Annea l ing of polycrystal l ine films at t empera- tures above 
1300°C gave rise to a conduct ing layer over the whole 
surface, including the regions outs ide the dop ing zone, and 
this was evidently due to graphi t isa t ion. Therefore, 
polycrystal l ine films similar to those which were 
investigated cannot be subjected to h igh- tempera tu re 
technologies. 

4. Some aspects of practical applications of 
diamond in electronics and related technologies 
A brief account will n o w be given of the current ly available 
devices m a d e of d i a m o n d and of the future t rends . A 
compar i son of the state of the art in 1992 with tha t in 1978, 
when the wel l -known b o o k of Field (published in 1979) was 
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Table 3. 

Applications or type 
of device 

Type of diamond material 
essential in applications 

Need for ion 
implantation 

Remarks 

Solid wear-resistant coatings 

Heat sinks in microelectronics 

Transistors; diodes; 
integrated circuits 

Particle detectors; dosimeters 

Avalanche-transit diodes 

Photo emitters 
(ultraviolet range) 

Infrared photoresistors 
Fast current switches 

Polycrystalline diamond films 
or diamond-like carbon films 

Natura l and synthetic diamonds; 
diamond films and ceramics 

Natura l diamond (physics); 
synthetic diamond; epitaxial films 

Natura l diamond; early applications 
of synthetic diamond and films 

Very homogeneous crystals needed 

Crystals and films can be used 

Natura l diamond crystals are used 

Applications are 
expanding fast 

Already in use (only 
natural and synthetic 
diamond so far) 

First positive results 

Stable operation 
(natural diamond) 

Likely to be available 
soon 

still in press [1], shows tha t two varieties of d i a m o n d can be 
regarded as 'born aga in ' after their appea rance in the first 
edition of this b o o k . These varieties are d i a m o n d films and 
ceramics [34]. Papers presented at the last two conferences 
on appl icat ions of d i a m o n d held in M o s c o w in 1991 and 
1992 [35, 36] indicate tha t abou t ten t eams are work ing in 
Russ ia and the U k r a i n e on the growth, character isat ion, 
and pract ical appl icat ions of d i a m o n d f i lms | . In m y 
opinion the work of these t eams and cost of main ta in ing 
such research, the scale of which in Western countr ies is 
i ncomparab ly greater [1, 4], are m o r e t han justified. The 
main technical appl icat ions investigated at present are no t 
in the field of solid-state electronics, bu t in the p roduc t ion 
of wear-resis tant , ha rd , t r ansparen t , and chemically stable 
coat ings for machines and for appl icat ions in optics, 
including laser technology. The development of 
'e lectronic ' appl icat ions of d i amond has been slower, bu t 
some devices are a l ready used systematically. The first 
place a m o n g them is occupied by d i amond heat sinks for 
which it is sufficient to use synthetic d i a m o n d s [37]. It is 
p robab le tha t films will soon be employed. A m o n g devices 
tha t are used in biology and medicine it is wor th 
ment ion ing part icle counters and dosimeters constructed 
at the P M Lebedev Physics Ins t i tu te in M o s c o w [38] in 
which the bulk polar isa t ion is suppressed by injecting 
contac ts which are formed by ion implan ta t ion (Table 3). 

The progress in the const ruct ion of field-effect 
t rans is tors [39] has been hindered pr imar i ly by the 
inhomogenei ty of the available semiconductor d i amonds . 
However , there is no doub t tha t , in principle, such 
t rans is tors can be constructed. 

Other existing and poten t ia l types of semiconductor 
d i amond devices are described in my paper [40] and in a 
b o o k by Vikulin and Stafeev [41]. 

I am grateful to A A Gippius , A M Zaitsev, V F 
Sergienko, B V Spitsyn, and R A Khmel 'n i t sk i i , as well as 
to J Pr ins ( Johannesburg , South Africa) for their commen t s 
on ion implan ta t ion and physical p h e n o m e n a in d i amond . 

fUnfortunately, there is no space here for reviewing the potential 
applications of diamond-like carbon films. 
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