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Red luminescence in phosphorous-doped chemically vapor deposited 
diamond

J. te Nijenhuis,a) S. M. Olsthoorn, W. J. P. van Enckevort, and L. J. Giling
Re se arch Ins titute  f o r  Mate rials , Faculty  o f  Science , Univ e rs ity  o f  N ijm e ge n, T oe m ooiv e lcl,

6525 ED Nijmegen, The Netherlands

(Re c e ive d  16 De c e m b e r  1996; acce pte d lo r  p u b lic a t io n  28 Ma r c h  1997)

Lum ine s c e nc e  s tudie s  have  be e n pe r for me d o n  phos pho r ous - dope d  d ia m o n d  film s  d e po s ite d  by  

hot- filame nt c h e m ic a l va po r  de pos it ion . A b r o a d  lum in e s c e nc e  b a nd , c e nte r e d  a r o und  1.9 e V is  

r e ve a le d, in  the  c a tho do  lum ine s c e nc e  s pe ctra o f  h o m o é p it a x ia l a n d  p o ly c r y s ta llin e  film s , whe r e as  

the  b lue  band*A lum ine s c e nc e , w h ic h  is  cha rac te r is t ic  for  u n d o p e d  d ia m o n d , is  q ue n c h e d  in  the  

pre s e nce  o f  phos phor us . T he  1.9 e V  lum ine s c e nc e  b a n d  c o u ld  n o t  be  e x c ite d  by  A r + la s e r  lig h t  (2 .5 4  

e V) a nd  d id  no t  s how  a ze r o- phonon line  in  the  s pe c tr um. T he r e for e , w e  s ugge s t  tha t  th is  b a n d  is  a 

re d fo r m  o f band- A lum ine s c e nc e , r e la te d to e le c tr on- hole  r e c o m b in a t io n  at s ub s t itu t io na l

phos phor ous  a nd  a phos phor us - vacancy  c o m ple x . ©  J997 American Institute o f  Physics.

[ S 0 0 2 1 - 8 9 7 9 (9 7 )0 2 2 13- 5]

INTRODUCTION

Inc or por a t ion o f phos pho r us  in  d ia m o n d  has  be e n s tud 

ied e x te ns ive ly /  w ith  the  pur pos e  o f  o b ta in in g  n~ type con-
n

duction in  d ia m o n d , b u t  the  re s ults  are  inc ons is te nt . F r o m

electron pa r amagne tic - r e s onance s pe c tros copy on

phos phorous - dope d po ly c r y s ta lline  d ia m o n d  films , it  has  

been obs e rve d tha t  phos phor us  in  d ia m o n d  for ms  impur ity -  

vacancy c omple x e s . In  contr as t  to  this , Zv a n u t  et al. have  

found that phos phor us  inc or por a te s  s ubs t itu t io na lly  in  

d iamond,3 as was  pr e dic te d  fr o m  ah initio ps e udopo te nt ia l 

ca lcula tions  w ith  p la ne  w a ve  me thods .4 T he  do no r  le ve l ac 

cording to the s e  c a lc u la t io ns  is  loca te d at 0 .2  e V b e lo w  the  

conduc tion ba nd. On  the  othe r  ha nd , fr o m  loc a l de ns ity  a p 

prox ima tion c lus te r  c a lc u la t io ns  a d o no r  io n iza t io n  e ne r gy  o f 

1.09 e V is  fo u n d .5 Ex p e r im e n ta lly , do no r  e ne rgie s  fo r  pho s 

phorus  in  d ia m o n d  be twe e n 0.1 e V (Re f. 6) and 1,16 e V 

(Ref. 7) ha ve  be e n r e por te d, a ltho ug h  it  is  be lie ve d  tha t  the  

first re s ult mos t  p r o ba b ly  can be  a t t r ibute d to n o n d ia m o n d  

s p2- bonde d c o m po ne nts  at the  g r a in  bounda r ie s . F ur the r 

more, all e le c tr ica l me a s ur e me nts  on phos phor ous - dope d 

diamond re ve al h ig h  r e s is t ivit ie s ,8" 10 ins te ad o f n- type  c o n 

duction. A s a t is fy ing  e x p la na t io n  fo r  the  abs e nce  o f  this  

- type c o nd uc t io n  has  no t  ye t be e n g ive n, a ltho ug h  s e ve ral 

pos s ibilit ie s  are  c o ns id e r e d .10

T he  opt ic a l a c t iv ity  o f  phos phor us  in  d ia m o n d  ha s  be e n 

s tudied re ce ntly by  P r ins . He  obs e rve d que nc h ing  o f  the  b lue  

band- A s igna l in  c a tho d o lum ine s c e nc e  s pe ctra  o f type  lia  

d iamond afte r  im p la n ta t io n  o f  phos phor us  io n s .,J In  the  

present s tudy , it  is  s how n tha t  in  our  c h e m ic a lly  va po r  de 

pos ited d ia m o n d  film s  no t  o n ly  the  b lu e  band- A lu m in e s 

cence is que nc he d , due  to the  pre s e nce  o f  phos phor us , but  

also a ne w tr a ns it ion has  be e n r e ve a le d  in  c a th o d o lum in e s 

cence (CL) s pe ctra. T his  lum ine s c e nc e  ba nd  has  a ls o  be e n 

obse rved in  the  C L  s pe c tra  o f  n it r oge n- phos phor ous -  

codope d d ia m o n d  by  Ca o  et a lH) In  the ir  pape r , it  was  as-

a)Present address: Philips  Analytical X- Ray, Le lywcg 1, 7602 EA Alme lo, 

The Netherlands ; Electronic mail: Hans .ie Nije nhuis @AXR-

c r ibe d  to  the  n it r oge n- va c a nc y  r e la te d v ib r o n ic  b a n d  w it h  the  

ze r o - phonon lin e  a t  1 .945 e V. Ho w e v e r , th is  v ib r o n ic  b a nd  

c a n  o n ly  b e  o bs e r ve d  in  p h o to lum in e s c e nc e  (P L) s pe c tr a  a nd  

no t  in  C L  s pe c t r a .12 In  this  s tudy  w e  s h o w  tha t  the  ne w ly  

fo u n d  t r a ns it io n  is  no t  a v ib r o n ic  b a nd , b u t  c a n p r o b a b ly  be  

a s c r ibe d  to  e le c tr on- ho le  r e c o m b in a t io n  a t  a  donor - a c c e ptor  

pa ir . S in c e  the  pr ope r t ie s  are  c o m pa r a b le , it  is  s ugge s te d  tha t  

th is  ne w  t r a ns it io n  is  a  r e d v a r ia n t  o f  the  w e ll- k no w n  band-  

A lumine s c e nc e *

EXPERIMENT

T he  pho s pho r o us - do pe d  d ia m o n d  films  ha ve  be e n  g r o w n  

in  a c o n v e n t io n a l ho t - fila m e nt  c h e m ic a l va po r  d e p o s it io n  

(C V D ) re ac tor , o p e r a t in g  at a  to ta l pre s s ure  o f  5 0  m b a r ,10 

T he  gas e s  us e d fo r  the  d ia m o n d  d e po s it io n  proce s s  we re  h y 

d r o g e n  a n d  m e th a n e  (4 .5 N ) d ilu t e d  in  hydr oge n (1 0 %). For  

ph o s pho r us  d o p in g , p h o s p h in e  (P H 3) d ilu te d  in  h y d r o g e n  

(1000  p p m ), w a s  us e d. S ilic o n  a nd  s ingle - c rys ta l na tu r a l d ia 

m o n d  we re  us e d  as  s ubs tr a te  ma te r ia ls . T he  s in g le  c r ys ta l 

s ilic o n  wafe r s  w e r e  (1 0 0 ) o r ie nte d , whe re as  the  d ia m o n d  

s ubs tra te s  we re  ty pe  Ila  (1 0 0 )7 °(1 1 0 ) o r ie n te d  c r y s ta l pla te s . 

T y p ic a l g r o w th  c o n d it io n s  fo r  d ia m o n d  film s  are  as  fo llo w s : 

the  fila m e n t  te m pe r a tur e  w a s  2 5 0 0  °C , the  s ubs tr a te  t e m pe r a 

ture  was  800 ° C  T he  v o lu m e  fr a c t io n  o f m e tha ne  in  the  gas  

pha s e  w a s  2% at a to ta l flo w  ra te  o f 3 0 0  s e e m. T he  pho s 

p h in e  v o lu m e  fr a c t io n  w a s  v a r ie d  b e tw e e n  0  a n d  6 0  p p m .

ALM.IE.philips .com

RESULTS

T he  C L  a nd  P L  e x p e r im e n ts  we re  pe r fo r m e d  as  de 

s c r ibe d by  Ca o  et a l 10 T he  C L  s pe c tr a  ha ve  be e n r e cor de d at 

r o o m  te mpe r a tur e  a n d  a t  7 7  K. T he  P L  s pe c tra  we r e  r e cor de d 

a t 77 K; no  P L  s ig n a l c o u ld  b e  de te c te d  a t  r o o m  te mpe r a tur e .

Ra m a n  s pe c t r o s c o py  s h o w e d  tha t  the  phos phor ous -
•  1 ̂

do pe d , p o ly c r y s ta llin e  d ia m o n d  film s  are  o f  a  h ig h  qua lity . * 

C L  s pe ctra  o f p o ly c r y s t a llin e  d ia m o n d  film s . R o o m  te m pe r a 

tures  de pos ite d  w it h  fo u r  d iffe r e n t  p h o s p h in e  c onc e nt r a t ions , 

are  s h o w n  in  F ig . 1. In  the s e  s pe c tr a  the  e m is s io n  fr o m  the  

p la s m a  in  the  C L  c h a m b e r  is  d e no te d  b y  P .  In  the  s pe c tr um 

o f  the  u n d o p e d  s a m p le  (0  p p m  P H 3) o n ly  a  b r o a d  pe a k  w ith

J. Appi, Phys. 82 (1), 1 July 1997 0021 -8979/97/82(1 )/419/4/$ 10.00 © 1997 American Institute of Physics 419
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F IG. 1. CL spectra, recorded at 300 K, o f four  polycrys talline  diamond 

layers , grown with phos phine  conce ntra tions  in  the  gas phase  as indicated. 

The  plas ma line s  are marke d by P. T he  inte ns itie s  are multiplie d by the  

factors  as indicate d.

its  m a x im um  at 2 .6  e V is  obse rve d: the  blue  band- A e mis 

s ion, w hich is  characte r is tic  fo r  undope d C VD dia m ond.14 In 

the spectra o f the  phos phorous - dope d sample s , the  intens ity 

o f this  pe ak decreases  a nd  fina lly  at a concentration o f 

60 ppm  P H3 the  b lue  band- A lumine s ce nce  is  hardly vis ible  

in  the spe ctrum. O n  the  othe r  hand, in  these spectra an in 

tense  red lumine s ce nce  band cente red at 1.9 e V starts to

Photon energy (eV)

F IG. 2, CL and P L spectra, recorded at 300 and 77 K, re spective ly, o f 

polycrys ta lline  diamond grown with 20 ppm phos phine  in the  gas  phase.

Photon energy (eV)

FIG* 3. Room temperature  CL spectra o f (a) phosphorous- doped HFCVD 

homoépitaxial diamond and (b) nitrogen- doped flame- grown homoépitaxial 

diamond.

e volve . Fur the r mor e , a s harp lin e  at 1.681 e V is  obs e rve d in 

the  C L  s pe ctra. T his  lin e  is  re la te d to inc o r po r a t io n  o f s ilicon 

d ur ing  g r o w th .12 T he  1.9 e V lum ine s c e nc e  b a nd  c o uld  not be 

e xc ite d by  an A r + las e r  lig h t  o f  2 .54  e V, as  is  s how n in the 

P L  s pe c trum in  F ig . 2; in  this  s pe c tr um o n ly  the  silicon-  

r e la te d e mis s ion is  obs e rve d. T he re fore , our  1.9 e V e mis s ion 

doe s  not  have  the  s ame  o r ig in  as that obs e rve d in type  lib  

boron- dope d s ynthe tic  d ia m o n d  by  Fre itas  et aL,[5 w hic h  al

r e ady c ould  be  e x c ite d at las e r  e ne rgie s  o f  2.41 a nd  2.33 eV.

A  c ompa r is on o f  C L  s pe ctra  o f phos phorous - dope d and 

nitroge n- dope d ho m o e p ita x ia l d ia m o nd  is  s ho w n  in Fig. 3. 

T he  nitroge n- dope d d ia m o n d  s a mple  is  a ho m o e p ita x ia l layer 

g r ow n by  ace tyle ne - oxyge n c ombus t ion- fla me  diamond 

d e po s it io n .16 In  the  C L  s pe c tr um o f  this  laye r , a  ze ro- phonon 

line  is obs e rve d a t 2 .1 5 6  e V (the  s o- calle d 575 nm  sys tem) 

w ith  the  phonon- e mis s ion s pe c tr um at lo w e r  e ne rgie s . Co l

lins  and La w s o n 17 have  c o nc lude d  tha t  this  opt ic a l cente r  is 

r e la te d to s ingle  nit roge n- vacancy  pa ir s . T his  ze ro- phonon 

line  is  abs e nt in  the  C L  s pe ctra  o f the  phos phorous - dope d 

d ia m o nd  laye rs  (see  F igs . 1 a nd  3), s ho w ing  that the  1.9 e V 

b a nd  obs e rve d in phos phor ous - dope d d ia m o n d  is  diffe re nt 

fr o m  the  nitroge n- re la te d 575 n m  s ys te m. T he  fac t  that the 

re d lumine s ce nc e  ba nd  is  a ls o obs e rve d in  homoe pitax ia l, 

phos phorous - dope d d ia m o n d  de mons tra te s  tha t  it  is not re 

la te d  to the  pre s e nce  o f  g r a in  bounda r ie s  in  polycrys ta lline  

d ia m o nd . Be caus e  o f the  pre s e nce  o f the  phonon- e mis s ion 

s pe c tr um o f the  575 n m  s ys te m, it  is no t  pos s ib le  to conclude  

tha t  the  1.9 e V e m is s ion  b a nd  is  to ta lly  abs e nt in  nitrogen-  

do pe d  d ia m o nd; s ome  ove r la p o f  the s e  tw o  s pe ctra  may oc 

cur . Howe ve r , one  c a n  c o nc lude  that in  the  spectra o f 

phos phorous - dope d d ia m o n d  in  the  abs e nce  o f nitroge n, 

whe re  the  ze ro- phonon lin e  at 2 .156  e V is  no t  pre sent, the

1.9 e V e mis s ion ba nd  is  obs e rve d as an is o la te d sys tem,

420 J. Appi. Phys., Vol. 82, No. 1, 1 July 1997 te Nijenhuis et al.
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FIG. 4. PL spectra, recorded at 77 K  o f (a) nitrogen- doped, (b) 

phosphorous- nitrogen codoped, (c) phosphorous- doped, and (d) undope d 

polycrystalline HF CVD diamond.

without any ove r la p o f o the r  e m is s io n  spe ctra.

Anothe r  in d ic a t io n  tha t  the  1.9 e V e mis s ion ba nd  doe s  

not or ig ina te  fr o m  the  pre s e nce  o f n it r oge n  in  the  d ia m o n d  

lattice is  o b ta ine d  fr o m  a c o m p a r is o n  o f  the  P L s pe ctra  o f 

phos phorous - dope d, nit r oge n- dope d, phos phorous - nitroge n 

codoped, and undo pe d  po ly c r y s ta lline  d ia m o nd , as is s ho w n 

in Fig, 4 . In  the  s a mple s  in  w h ic h  n it r oge n  is  pre s e nt [ (a) a nd  

(b) in F ig . 4]  tw o  br oa d  e m is s io n  ba nds  ce nte re d at a bout  1.5 

and 1.7 e V  are  obs e rve d. In  the  undope d  and the  

phos phorous - dope d s ample s  [ s pe ctra  (c) and (d) in  F ig . 4]  

again o n ly  the  s ilicon- r e la te d line  at 1.681 e V is  obs e rve d. 

This  s hows  tha t  the  b r oa d  b a n d  in  the  P L  s pe ctra in nitroge n-  

doped d ia m o n d  doe s  no t  ha ve  the  s ame  o r ig in  as the  1.9 e V 

e mis s ion b a nd  in  the  C L  s pe ctra  in  phos phor ous - dope d d ia 

mond.

S u m m a r iz in g , a ne w  lum ine s c e nc e  pe ak is obs e rve d at

1,9 e V in  the  C L  s pe ctra  o f  d ia m o n d , w h ic h  is  re la te d to the  

presence o f phos phor ous . O n  this  b r oa d  pe ak, no zero-  

phonon line  is  obs e rve d, im p ly in g  tha t  ve ry pr oba b ly  it  is  no t  

a vibronic  t r a ns it ion  be tw e e n lo c a l le ve ls . T his  t r ans it ion is 

only de te cte d w ith  C L;  it  c o u ld  no t  d ir e c t ly  be  e xc ite d w ith  

PL w ith  an las e r  e ne rgy o f 2 .5 4  e V), as ca n the  s ilicon-  

vacancy c o m ple x , b u t  o n ly  v ia  the  d ia m o n d  hos t  ma te r ia l. 

The e x c ita t ion e ne rgy m us t  e xce e d the  ba nd  gap o f d ia m o n d  

to excite  this  t r a ns it ion, as is  the  case  w ith  the  ba nd- A 

tr ans it ion.12 T his  b e ha v io r  is  d iffe r e n t  fr o m  that o f the  br oa d  

red e mis s ion  ba nd , obs e rve d by  Fre itas  et a l in  type  lib  

boron- dope d s ynthe tic  d ia m o n d .15 T he  la tte r  e mis s ion  ba nd , 

pe aking at 1.84 eV> c o u ld  be  obs e rve d us ing  s ub- band gap 

e xcita tion b y  las e r  lig h t  o f  e ne rgie s  o f 3 .53 e V (351 n m ), 

2.41 e V (514  nm ), a nd  2 .3 3  e V (532  n m ), w h ic h  are  lo w e r  

than the  b a nd  ga p e ne rgy o f  d ia m o n d . Du r in g  the  pre s e nt  

e xpe r ime nts  the  1.9 e V  re d lum ine s c e nc e  c o u ld  no t  be  e x 

c ite d  b y  las e r  o f a n  e ne r g y  o f  2 .5 4  e V, w h ic h  is  in  the  s a m e  

e ne r gy  r ange  as us e d  in  Re f. 15.

It  is  ge ne r a lly  b e lie v e d  th a t  the  r e la t iv e ly  b r o a d  band- A 

lum ine s c e nc e  o r ig ina te s  fr o m  e le c t r on- ho le  r e c o m b in a t io n  a t  

donor - a cce ptor  p a ir s .18 T h us  fa r , band- A e m is s io n  is  k n o w n  

to  oc c ur  in  the  r a ng e  b e tw e e n  2.1  a n d  3.1 e V. H o w e v e r , 

s ince  the  pr ope r t ie s  o f  the  a b o v e  d e s c r ib e d  1.9 e V  e m is s io n  

lin e  are  c o m p a r a b le  to thos e  o f  ba nd- A lu m in e s c e n c e , w e  

s ugge s t  tha t  th is  C L  lin e  is  a  ph o s p h o r o us - in d uc e d  v a r ia n t  o f  

band- A lum ine s c e nc e .

A  po s s ib le  e x p la n a t io n  fo r  the  o r ig in  o f  the  1.9 e V  e m is 

s ion  m a y  be  o b ta ine d  fr o m  the  s p in - po la r ize d  ab initio  c a l 

c u la t io ns  o n  p h o s p h o r o us  in  d ia m o n d  b y  Jo ne s  et a l 19 It  ha s  

be e n fo u n d  tha t  p h o s p h o r o u s  in  the  pr e s e nc e  o f  va c a nc ie s  

fo r m s  a ph o s p ho r o us - va c a nc y  (P- V) c o m p le x , s im ila r  to the  

s plit - vacancy  Si- V c o m p le x . T he s e  c o m p le x e s  a c t  as  de e p  

acce ptors  w it h  an e ne r g y  le v e l, s itua te d  a t  2 .7  e V  b e lo w  the  

c o n d u c t io n  b a n d ,19 i.e ., 2 .8  e V  a b o v e  the  va le nc e  b a n d . N o  

in te r na l t r a ns it ions  are  p o s s ib le  fo r  the  io n iz e d  de fe c t . H o w 

e ve r , i f  s ub s t itu t io n a lly  in c o r p o r a t e d  p h o s p h o r o us  is  c o n s id 

e r e d to be  a de e p d o n o r  w it h  a n  a c t iv a t io n  e ne r gy  o f  1.1 e V, 

as  is  s h o w n  th e o r e t ic a lly 5 as  w e ll as  e x p e r im e n ta lly ,7 donor -  

a cce ptor  r e c o m b in a t io n  c a n  ta ke  p la c e  a t  pa ir s  o f  s ub s t itu 

t io n a l pho s pho r o us  a n d  th e  P - V c o m p le x , le a d in g  to band-  

A- like  e m is s io n . A n a lo g o u s  to the  c a lc u la t io n  o f  the  lu m i 

ne s ce nce  e ne r gy  o f  th e  t r a n s it io n  b e tw e e n  s u b s t itu t io n a l n i 

t r oge n a nd  the  P - V c o m p le x  g iv e n  b y  Jo n e s  et a l.,{9 fo r  this  

e le c tron- hole  r e c o m b in a t io n  pr oce s s  a n  e ne r gy  o f  a r o u n d  2,1 

e V  c a n  be  de r ive d . In  th is  c a lc u la t io n  a  d is ta nc e  be tw e e n
c

d o no r  a nd  a c c e ptor  o f  0 .5  n m  (Re f. 19) ha s  be e n ta ke n; it  

w ill de cre as e  w it h  in c r e a s in g  dono r - a c c e p to r  p a ir  s e pa r a t io n  

(e .g ., fo r  a s e pa r a t io n  d is ta nc e  o f  1.0 n m  a lu m in e s c e n c e  

e ne r gy  o f 1.85 e V  w ill  b e  d e r iv e d ). T he r e for e , the  1.9 e V 

band- A- like  e m is s io n  m a y  be  the  r e s u lt  o f  the  a bo ve  d e 

s c r ibe d t r a ns it io n  b e tw e e n  s u b s t it u t io n a l p h o s p h o r o us  a n d  a  

P- V c o m p le x .

In  c o n c lus io n , a n  in te ns e  r e d  lu m in e s c e n c e  b a n d  a t  1.9 

e V is  r e ve a le d  in  p h o s p h o r o us - d o p e d  C V D  d ia m o n d . S in c e  

this  lum in e s c e nc e  c o u ld  n o t  be  e x c ite d  b y  a n  A r + la s e r  lig h t  

o f  2 .5 4  e V  a n d  no  ze r o - p h o no n  lin e  ha s  be e n  obs e r ve d , it  is  

pr opos e d  tha t  it  is  a  r e d  fo r m  o f  band- A lu m in e s c e n c e , r e 

la te d  to e le c t r on- ho le  r e c o m b in a t io n  a t  s u b s t itu t io n a l p h o s 

pho r o us  a n d  a P- V c o m p le x .
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