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repr oduCiyephsi:geyd! Uti on. Seni conductor light-emtting devi Qﬁ gherating
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the contiQigysmegesci | ation at roomtenperature with a wavepenspdolonlss 523- 5
nm of a sem conductor light-emtting device which conprises a (AAs
substrate and an SCH (Separate Confinenent Heterostructure) disposed
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1017 crRygodi3dasy € Na represents an acceptor concentrati Opctiishshiossd donor
concentration) by effecting an MBE ( Mol ecul ar Beam Epi t axy: ‘Mol ecul ar Beam

Epi taxy) of a ZnSe layer with a beam of a beam of free radicals of nitrogen;
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of nitrogwodss4ens MBE (Ml ecul ar Beam Epitaxy:: Ml ecul ar BEEIRISOO8SAxy )
apparatus which is schematically shown in FIG 17, for exanple. The MBE
apparatus, which i's of a type of vacuum evaporation apparatus, has a
chanber 40 with a vacuum degree (evacuated down to- [err]Torr) by an
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41. A pvasiddegeneration source 44 is also supported on PORJPISMOsSN chanber
40 for applying a plasma of nitrogen to the substrate 41. The plasm
generation source 44 is in the formof 2 an ECR (El ectron Cyclotron
Resonance) plasma cell as illustrated. The plasma generation source 44
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m cr owavewoasadoas ni t rogen gas inlet pipe 47 disposed in tRCIHPISSARSS
generation chanber for supplying a nitrogen gas. Wen nol ecul ar beans are
applied fromthe nol ecul ar beam source 43 to the substrate 41, a filmof a
Il - VI group conmpound seni conductor, for exanple, ‘s epitaxially deposited
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sour ce wo9smdgdke substrate 41. In this manner, a nitrog®cTdpyswdssd - VI
group sem conductor is epitaxially grown on the substrate 41 upon
application of the nol ecul ar beans fromthe nol ecul ar beam source to the
substrate 41. A prelimnary chanber 49 is connected to the vacuum chanber
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cbntributﬁkﬁﬁnabgctric conductivity ("Journal of Crystal Gceviriseosss VOl
86 (1988), p. 329). It is highly desirable to increase the reliability and

service life of a sem conductor light-emtting device, e.g., a
sem conductor |laser or a light-emtting diodes, of a1l - Vi gr oup
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defects. Wwoasigeesnt ors have al so reveal ed that the existerrcr/arosdisss ons and
N i ons which do not contribute to the electric conductivity of all - VI
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Y-1inewodusdogs a crystal defect, as well as a band-end porapssmossshi ch

i ndi cates nitrogen incorporated as an acceptor, as shown in FIG 18.
However, the spectrumof light emtted froma ZnSe crystal that is grown
simply in nltrogen i ncludes no Y-line as shown in FIG 19. It can therefore
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sem conduwbdos/34083 i s an object of the present invention teqviresesse net hod
of producing a filmof a nitrogen-doped Il - VI group conpound

sem conductor while effectively reducing crystal defects thereof to

i ncrease the crystallinity thereof, so that the method is applied to the

fabrication of ﬂ@%@hﬁ@@@@@@@ﬁﬁ@ﬁ@%&Wg@ﬁwéée a

sem conductor Taser or a light-emtting diode, the reliability and life

time thereof cgyabe #nis enged o MRS Bepetosbik Z03EF IkpoRt ed ¢t BATT he
.crystallinity of all - VI group sem conductor can be increased
positively a@pl yNng tl dcr.ondt B © ¥ F & FHthb Wibé rtgﬁ:b{-oﬁ]ﬁogﬁxfl
RAEET 3. Zz0M+*BBETIBMLITH 2. LirH-TA
5 tHOHBEMNN: * 4120V, RS, L->TEOBERKRIIK
RWES B, L | |
Vo = (gE/m) At ' @
ZITa=1. 602%x107'® [C) TH3. TLEMTSE
ExVETBE.E=V/d, At=10/Te THIH5. ()
10 R, OX, OREADETCEETIE, ORERL D,
tanf=(qle V) /  {mdV, ?)

=(gqxle V) ,/ (8kTd) .
ERECHFTA4 2 VHELZHRTIKE8E. QORI ORXO &K
%o | - | - o
15 -~ {gqmle V) / (8kTd) >r/L S )

WE.HIXEle =2cm, d=1cm, t=2. 54 cm,
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RKELDHLTWBLEEZEZD &, ﬁ@."lﬂiMaxwe]I-Bolzmann
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Accor digpgotsuees fi rst invention, when a filmof a Il - Vpciisuimegsgnpound
sem conduct or of at |east one of elenents belonging to the Il group of the
- periodic table and at |east one of elenments belonging to the VI group of
the periodic table is formed on a substrate, a plasma of nitrogen in an

from the o i 2l R B B B Bt O Firaby ariim of a desiteq
conpound segi goRductpir kel FURIBE 5 1 F X U5 QMK BRERE
S, ChORES I HX05 2MRHN2BWRENE LA RR
ZERIS5ICART . -..0)15;:;\ N ¥X®HE&EO. 10scecm, 75X

5 THRHOOMOZESN0. 5mmObDTH3, cOBKITE
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YEORKLAT 5,

B5X0REMOBAR2 0V, cmBETE 0 XEEDRH
HFABEBICHBINIEZIONGN, ABSLHRER X

10 mo@<twkm1OOV/cmuxmﬁﬂﬁﬁﬁvaaca# q
bhd, LOLENS, THEFEERL 1L CHEIEENES
. BASEAHRIZ1I00V,/ cmREDIV/ cmBlEFE
LS<HM10V/ cmBlEeRKTE5, €LT. 1kV./cm
FUAZECBRBOMENELTL 3, 75 X HHOOKOE.

15 N. #R#R. 5K IX7REROT/ —FERIAKKD
CHEICHESN3 (S Y ORBRRIESZN, R5ICRShAHE
151, 152, 153, 154, h®hlA=15mA,
20mA, 30mA, 35mAELABAT. chomBikiziz
RO —TEBLCEXBBEINS,

20 EBC100V/ cmltOBREEHEMICOMLTMBER
E¥iciDZnSesREL. N2F-—EYZLABAKDNT
ZORRAERT, -

Hi6it. GaAsEHRLELINF—FEY»YZnSelftl1. 5u
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25 4% REHN) OBESHHAOTR 7y 4 VERLEDDOTH S
CORE.BHMICZnSe RBROEMERALTIESRE S
RHbDTHZ, COBEDOWUERAMIIG a A s BERCHIMcH L
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Abcordingwsﬂmgmﬁﬁcond i nvention, high-speed neutral parti pcgapssioossat | y
oriented toward the substrate are renoved at the sane tine the charged

particles are renoved fromthe plasma. According to a third invention, the
charged particles are deflected or elimnated by an electric field applying

TEnge 11 om TR RPB RS RT HOM AT AR o MR 1 2
hrogen rotGiBl0D 2 SOCEIC MRS (MRXC0LocS! A" w0 ch 01y #lgome of
mMOBRENMLEZLDTH S, choLBSFIUTEEROE
 E@E (N ¢HMT/7t7s8BE (Na—-Nd)l (Naid77
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i215mA& ULk S o ’
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10 ) ABWLTE DI, BRATFTVAERAKIOREINT
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] DHERERADLTEL-LBEED2. 2X10'7cm *H»h53
S 5X107em P ANEERBL, SHICEDBOEELRIIEI
KRTEHIIE20%MO55%~E LR LA, |
15 Hi.H]1OMBE%EKI-CEBNAIREEST. GaAs
BHEICZn S e RRAF-~BA0ERB1I~5Ic20T. B
REOMFEBRS0ICHFNT, LRLAEEABICEREFRIOOV S/
CcmOBRAMAEFT->THREBELALEBERE., TRMMAETS <
EHCHRBLATEERECELTOS IMSIck2EREaEIN
20 1 EHEBTIETIBEINa —Nd] 2OBFRONERELS i
R, HSIKCBWTHS alRFEHILEN100%%2RL. BHE
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S TREARKPIIENERLRET oyt LELDOTHD., B
APa )  ~as’ B ENENABNEBS I~ KB ITL2BRAZEML
25 ok FTEEARKEIIRMERRET Dy FLELDTH 5
M. MBEZKHWVWT. ECRY S X REREAMOALERN
DF—r7Tid. [Na —Nd] Oz, 5xX10'""cm *RBET
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Accord

okR4@3Si Xth invention, the electric field is a@e&bggwh&yg pai ¢ of

- electrodes I1n a direction across the direction in which the plasnma of
nitrogen is applied to the substrate.

According to a seventh invention,

t he |

electric field is applied by a mesh el ectrode dlsposed acr oss the direction

| nvent | on, BoRDS CBrm ot AR fofdicPob Rodiki Ao BN § dade GrCch Srknbnts.

i nvention
bel ongi ng

VI group o the pe
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- 15
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odk ﬁ%ﬂg Waodlgﬁa}%lgﬁr%ﬁ%gf el ement s beI ongi'ng. to
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BEREOMODBETpHDZInS e+ Yy VREICEST
RBLABAE. M1 7 CRUARROMBE RESEI L - TE
REMELCHARODPEDZnS eAILF+ 3 v LREIE o
TREL-BAOEFOBHEONTRRELR] 1 O3 ICRT
o COBPA. ECREMTUDET I XvREBLA~DERN
HADOHRKREX0. 1 0sccmel, 7/ —FBHI. %355m
A. BE%1. 2uméLt, | |
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Accor di ngvd 9srsaee8 Nt h i nventi on, the charged particl es ar epdeirbeswosst or
elimnated by applying a magnetic field. According to a tenth invention,
when a filmof Il - VI group conpound sem conductor containing at |east Zn
and Se is formed on a substrate, a plasnma of nitrogen in the excited state

ool L R LR OEADN LW (2T MDE R L T 1
DOV,/ cmOERHMOLDETIEIF U MEELLDPEO
ZnSeEd. K1 TTCRLEEOMBEREBIC X - TERDH
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HERICESLED., 75 OLEERLR B I BV EERELE
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DEEZEXSohbB, o .
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ERofiTR, HREREFHERFRS 02T 5sBRDINFR

1.7



Accor digRflosizdesdn €l eventh invention, when a filmof I Opdgspnduct or
containing at least Zn and Se is formed on a substrate a plasma of
nitrogen that is excited by ECR (El ectron Cyclotron Resonance) is applied
to the substrate to activate nltrogen atons in the deposited filmof the

fﬁe”}’??ﬂd.%ven?%ﬂ%wﬁ’fﬁﬁ%f R 5L AE 5t 3B of | cast

Zn and Se W gg{% F'PW@% an th t ed
state is ap otﬁ]e susrateto actlvateEp;l ogen aiion%toa
per cent age g aabf | eastp BRI It #e7 5 1 of & BESORNR o ae] omduct or

s REEMTIBRETIELTES, cOBAR. FIRERI
5 3530VHEREIARRTIIR. 7IXTHIMOL 8 LERL 1
EDMIC. Avva2BES IMEZOEAAL, 75 XviHBO
48LEIRLIEAERIER. TUDET I X REFMERR
PAZEERT L9, AR ETS X~ KHO4 8 HALTE

B¥ 5, o -

10 ;®19933E51Mﬂ‘wiﬂéﬁﬁé7rrUv¢77 q
AREKBIwFUVIERI-TEILAN0. I1mm~0. 3 mmig
EOBRBRBAIENINALBRETEIENTESE, £LT.
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VOEmMShA TS XvREZLI4RIERL,. ECAOEWESE

15 BAXE-100VADMT 3, COBMIKIhiT. HERTF. B
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YiRAv 2 BES IMERSIZNIPBLESR, WIhdE
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WERART LS. BLHANAToNOXARE X ZHE
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T. OS5 XvREBBICCOT S XvBHEAMERERAZIT
EXT35EOBRELOMT 28RS T 3,
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an ef f ect wrosiagaPt or concentration which is equal to at npeim®saedsdr at ed
concentration. According to a thirteenth invention, the plasm of nitrogen
is applied to the substrate while charged particles are being renoved from
the plasma by deflection or elimnation. According to a fourteenth

mWantmxw%ﬁﬁfg$MM@m?ﬂ@gﬁ@@ﬁ§wym%ig?ma

filmof nitrogé&h-d conpound sem conddct or ™ accordr n
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10 13kU92%275XTREZLLROTFXATHMOL48EE
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bBEmEmmﬁﬁﬁb&Uﬁﬁi%@%imﬁmﬁé@ﬁiﬁ

20 SEh3s,
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sem coRgly shas excellent crystallinity. It appears tfﬁﬁ rcent age
of activate n|trogen atons can be increased and the crystallinity can be
i nproved because the renoval of at |east charged particles directed toward
the substrate is effective to 7 prevent unnecessary nitrogen ions and

vl ved i nr RS 3 B 2 O T S RO S R s enod vef PR E A 0 or
. ROFSXeHRBHOAL48OBOSME. EH4L 1icHmT 3
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acti vat ewo 9s3e098bei ng oriented toward the substrate and hecwrarosnoessy bei ng
I ntroduced into or colliding wwth the deposited film thereby avoiding
introduction of unnecessary foreign matters between the atons of the
crystal and hence breakage of the crystal. BRI EF DESCRI PTI ON OF DRAW NGS
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sem conWees@a093i ght -em tti ng device which is fabricated poiresodsss hod of
formng a filmof a nitrogen-doped Il - VI group conpound sem conduct or
according to the present invention; FIG 3 is a schematic perspective view
of a portion of an apparatus for carrying out a nethod of producing a film

of a nitrogen-doped Il - VI grgup gprrp@mdﬁ_sen@[q:onductor according to the
present invention; FIG 4 is a diagramillustrative of the manner in which

an electrig fi@ g isicappl | Bt 8 06 BOWHOR Loyyril idE & { i) o &

nitrogen-doped Il - VI group conpound sem conductor according to the
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FIG 5 | woospaegsh showi ng the relationship between measurROr/znesoessic fiel ds
and el ectrodes in the nethod of | mof a nitrogen-doped 11
s+ VI group conpound sem conduct omﬂmm(}mu;“lm”me present invention, FIG
6 is a diagram showi ng a distribution M t sogen concentration in t he
deposited fil @gﬁ aﬁy‘{:‘rogen doped Il - VI group conmpound sem conduct or;
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#IG. 7 i swyosBlides Of properties of deposited filnms of a niRQIARes008¥hed |1 -
- group conpound sem conductor with and wi thout the application of an -

electrlc field; FIG 8 is a graph show ng neasured results of

concentrations of nitrogen in ZnSe and concentrations of an effective

acceptor which are neasured with and wi thout the application of an electric

field, FIG 9 is a table of properties of deposited filnms of a-

ni trogen-doped Il - VI group conpound sem conductor with and w t hout the

application of an electric field; FIG 10.is a graph shomnng, for

conpari son,

FIG. 1

1/20



per cent agwe 9sB408xt i vat ed nitrogen atons in deposi ted fil mporiypesmosss

nitrogen-doped Il - VI group conpound sem conductor with and w thout the
application of an electric field;, FIG 11 is a table of properties of
deposited filnms of a nitrogen-doped Il - VI group conpound sem conduct or

with and without the application of an electric field;, FIG 12 is a graph
of em ssion intensities neasured by a photol um nescence process of
deposited filnms of a nitrogen- doped Il - VI group conmpound sem conduct or
with and w thout the application of an electric field;, FIG 13 is a
schematic view showing a main portion of

FIG. 2
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9 anoghpésmapgar at us for carrying out a nethod of produrCTAPI&/0e8ss m of &

ni trogen-doped Il - VI group conpound semn conductor according to the
present invention; FIG 14 is a schematic view showing a main portion of
still another apparatus for carrying out a nethod of producing a filmof a
nitrogen-doped Il - VI group conpound sem conductor according to the

present invention;

3/20



FIG 15 woes/3sedsenati ¢ view showing a main portion of yetpclJnos/omsot her
apparatus for carrying out a nmethod of producing a filmof a nitrogen-doped
[4 - VI group conpound sem conductor according to the present invention;
FIG 16 is a schematic view showing a main portion of a further apparatus
for carrying out a nethod of producing a filmof a nitrogen-doped Il - VI
group conpound sem conduct or according to the present invention; FIG 17 is
a schematic view of an apparatus for carrying out a conventional nethod of
producing a filmof a compound sem conduct.or;
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Fl G 18 iwOas/edyr am show ng the spectrumof |ight em ttepczyrasolissag to t he
conventional nethod; and FIG 19 is a diagram show ng the spectrum of I|ight
emtted according to a conparative nmethod. BEST MODE FOR CARRYI NG OQUT THE

INVENTION FIG 1 is a diagram showi ng an MBE apparatus for carrying out a
met hod of producing a filmof .a nitrogen-doped Il - VI group conpound
sem conduct or according to the present invention. ‘-Also in this case, the

above apparatus has a plasma 10

FIG.5
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gener ati owo9ssdods 44 in the formof an ECR plasma cell. Threcrapeseosss in Fl G
1 are denoted by identical reference nunerals. FIG 2 is a schematic
cross-sectional viewillustrating a Il - VI group conpound sem conduct or
light- emtting device which is fabricated by the method according to the
present invention. This conmpound sem conductor light- emtting device is of
an SCH (Separate Confinenent Hetereostructure). However, the present
invention is also applicable to the formation of a filmof a nitrogen-doped
I -
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VI group cwoss4g3 seni conductor which may be any of vari ougcss s and
conpositions. In FIG 2, there are forned, successively on a substrate 41,
e.'g., a GaAs substrate of an n-type Ill - V group conpound, a buffer |ayer
2 of GaAs, ZnSe, or/and ZnSSe, an n- type first cladding |ayer 3 of ZnMySSe
doped with an n-type inpurity of C, a first guide |layer 4 of ZnSSe, e.g.,
[err] an active layer (light-emitting layer) 5 of ZnCdSe, e.g., [err] a
second gui de |layer 6 of ZnSSe, e.g., [err] a p-type second cl adding |ayer 7
of ZnMgSSe doped with a p-type inpurity of nitrogen, a capping |ayer 8 of
ZnSe

FIG.7
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doped w o osriqoexen, a superlattice |ayer 9 conprising a PEPFPISIo0ssa

| ami nated structure conposed of a thin-filmlayer of ZnSe and a thin-film
l.ayer of ZnTe, and an el ectrode contact |ayer 10 or ZnTe doped with

ni trogen, by an MBE growth process. The surface forned thus far is then
selectively etched away to define grooves down to the surface of the
capping layer 8, leaving a strip of the electrode contact |ayer 10 and the
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super | at t W@ 9534883 Dbet ween the grooves. The grooves are theceapésiosds | | ed
up with an insulating layer 11 of polyinmide or the like. The insulating

| dyer 11 has an el ectrode wi ndow 11Wthrough which the strip-shaped

el ectrode contact | ayer 10 is exposed outwardl Thr he el ectrode

wi ndow 11W the el ectrode fontact Tpyer 10 1s eld in ohmc contact with a
p- side electrode 12 havinpg a rm@% er Structure of , IPt. and Au, for
exanpl e. An n-side el ectrofe 11 fof"exanpl e, . is deposited on the
reverse side of the substrpte 413En o‘ﬁ’m c‘gont act theretwwh.
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In this Rpyes3see3a sem conductor light-emtting device, e.pCT/IPs/00854

sem conductor |aser for emtting green or blue light or a light-emtting

di ode, is fabricated. The principles of the present invention are applied
to the fabrication of a sem conductor |light-emtting device through the
formation of a filmof such a nitrogen-doped Il - VI group conpound

sem conductor. As shown in FIG 1, i.e., in the sane manner as that of FIG
17, the apparatus for carrying out the nethod of producing a filmof a

ni trogen-doped Il - VI group conpound sem conductor according to the
present invention has a vacuum

Y
2 N\
S
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chamber wookhg3can evacuated to a pressure of down to 1@CTIPI¥MEShy an

ul tra-hi gh vacuum evacuati ng device (not shown), the vacuum chanber 40
housi ng a substrate hol der 42 for holding a substrate 41 on which a film of
a nitrogen-doped Il - VI group compound sem conductor is to be formned,
e.g., for holding a GaAs 12 substrate if the conpound sem conduct or
light-emtting device shown in FIG 2 is to be fabricated. A prelimnary
chanber 49 ' ‘

FIG. 11
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I's conne st he vacuum chanmber 40 for introducing thePCRARISPWSE 41 into
and renovi ng the substrate fromthe vacuum chanber 40. The vacuum chanber
40 supports a plurality of nol ecul ar beam sources (K cells) 43 of such a ||
- VI group conpound sem conductor which are directed toward the substrate
41. If the sem conductor light-emtting device shown in FIG 2 is to be
fabricated, then the nol ecul ar beam sources 43 incl ude nol ecul ar beam
sources of sem conductor nmaterials in the Il and VI groups, i.e., Zn, Se,
My, ZnS, Te, and Cd, and a nol ecul ar beam.source of an n-type inpurity of
a, i.e., [err]. The

FIG.12
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buf f er lvps 9434603 t he first cladding layer 3, the first guPCEIPSNE8S43, t he
first guide layer 4, the active layer 5, the second guide |ayer 6, the
second cl adding | ayer 7, the capping |layer 8, the superlattice |ayer 9 and
the el ectrode contact layer 10, i.e., the Il - VI group sen conductor

| ayers, are successively epitaxially deposited on the substrate 41 by

sel ectively switching on and off nol ecul ar beans applied fromthe nol ecul ar
beam sources 43 to the substrate 41. A plasma generation source 44 is al so
supported on the vacuum chanber 40. The plasma generation source 44
conprises a plasma generation chanber 44R The pl asma
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gener at i owookas®er 44R has a plasma outl et 49 openi ng i nt ecriypos/cessy m
chanber 40 for applying a plasma of nitrogen to the substrate 41. The

pl asma generation source 44 is in the formof 13 an ECR cell, for
exanpl e, and has magnets 45 disposed in the plasma generation chanber 44R
a mcrowave term nal 46 disposed in the plasnma generation chanber for
supplying a mcrowave, and a nitrogen gas inlet 47 disposed in the plasna
generation
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charber fwoogsdepd Yi ng a nitrogen gas. The plasnma gener ati ppraPesiegds 44R
t he vacuum chanber 40 .and the substrate holder 42 are maintained In the
ground potential, or the plasma generation chanber 44R is insulated from

t he vacuum chanber and the substrate hol der, and a negative potential of -

several 10s of Volts, i.e., - 50 V, with respect to the ground potential is
applied to the plasnma generation chanber. When p-type sem conductor |ayers
are to be deposited, i.e., when nitrogen-doped Il - VI group conpound

sem conductor |ayers including the second guide |ayer 6, the second
cl addi ng )
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4

| ayer 7, wbosga@pi ng | ayer 8, the el ectrode contact |ayer pi/yobsdoass

sem conductor light-emtting device shown in FIG 2, are to be epitaxially
deposited, the plasm generation source converts a nitrogen gas into a

pl asma due to el ectron cyclotron resonance by applying a magnetic field and
a mcrowave in the plasnma generation source. The plasma of nitrogen is then
applied fromthe plasma generation source to the substrate 41 for
epitaxially depositing nitrogen-doped, i.e., p-type group conpound

sem conductor |ayers on the substrate 41 upon application of the nol ecul ar
beans from the nol ecul ar beam sources 43 to the substrate.
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I n the nmwtgesd43cording to the present invention, a 14 PCHES/06854
deflecting or elimnating charged particles (hereinafter referred to as a
*charged particle renmoving neans”) 50 is disposed between the plasma
generation source 44 and the substrate 41 in the vicinity of the plasna
outl et 48. The excited plasma of nitrogen generated by the plasm
generation source 44 is applied to the substrate 41 while charged particles

44

48

40

41

FIG. 17
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in the @5 being elimnated by the charged parti clgeri@s9ooss8d means
Speci fically, ile nitrogen radicals in the plasma of nitrogen are on
their way toward the substrate 41, the charged particle renovi ng nmeans
defl ects or draws charged particles, e.g., [err] ions, N+ ions, and

el ectrons to renove them out of the plasnma passage between the plasna
outlet 49 and the substrate 41, so that only the nitrogen radicals of

excited neutr tch whi ch have not electric charges are applied to
the substrat zp filmof a Il -.VI group conpound sem conduct or
g

while it is dépo ed. The charged partlcle removi ng neans 50 may
conprise a
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'rreanstI’wd?\ j7d an electric field. As shown in FIG 1?8F, s3. Which
Is a perspective view of a main portion of the electric fie appl yi ng
reans, such an electric field applying neans conprises a pair of planar
el ectrodes 51, 52 di sposed one each side of the plasm passage (plasnma

fluxes FL) parallel to ea & ardyalS0 wosthe direction in which the
pl asma is applied, for ex%%g§g$’§ppggﬁ§8§an§% ctric field across the
direction in which the plasna is applied to the substrate, i.e., across the
plasma fluxes FL, e.g., perpendicularly to the plasma fluxes. A
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vol t age wo odBRjes €d between the el ectrodes 51 and 52 to ggirqyPbocasy €l ectric
field in the range of from1l Vcmto 1 kV/cm between the two el ectrodes.
Jfhe above electric field range has been sel ected because if the electric
field were lower than 1 V/cm then charged particles would not sufficiently
be defl ected %r 1elim'nated, and if the electric f% were in excess of 1
kV/cm then tMetproblemof an electric discharge d be posed. As shown
in FIG 1, forsﬂxlewple, t he el ectrodes 51, 52 Ay v BE

5 2 | | T &
5 3 g
g1, 92 | BE
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si-ngle.[err] ion is discharged fromthe plasm outlet and travels between
the el ectrodes 51 and 52 where the electric field Eis applied, toward th
substrate. If the horizontal speed at which the ion is discharged fromth
plasma cell is represented by Vh and the speed of the ion in the directio
perpendicular to the electrode at the tine it is accelerated by the
electric field is represented by Vn, then the angle [err] through which the
ion is deflected is indicated by the DESCRERTAGNequation (1): [err] = Vn/Vh

(1) TITLE OF THE INVENTION

METHOD OF PRODUCING FILM OF NITROGEN-DOPED

II - VI GROUP COMPOUND SEMICONDUCTOR
TECHNICAL F;_IELD

The present invention relates to a method of producing
a film of a nitrogen-doped II - VI group compound semiconductor.
BACKGROUND ART |

Light sources for use in optical recording and/or
reproduction of information are requested to generate light
beams of shorter ﬁavelengths for increased recording density and
reproducing resolution. Semiconductor light-emitting devices
for generating light beams of shorter ﬁavelengths include green
and blue laser diodes and light-emitting devices. Of particular
interest among those semiconductor light-emitting devices is a
semiconductor light—emiﬁting device of a II -~ VI group compound

- semiconductor having a large énergy band gap which is made of at

least one of elements belonging to the group II such as Zn, Mg,
Cs, Hg, Be, etc. and at least one of elements belonging to the
group VI such as S, Se, Te, etc., e.g., a semiconductor 1ight—
emitting device having a light-emitting layer of ZnCdSe.

“Electronic Letters” Vol. 29, No. 16, 1993 discloses
the continuous oscillation at room temperature with a ﬁavelength
of 523.5 nm of a semiconductor light-emitting device which
comprises a Gals substrate and an SCH (Separate Confinement
Heterostructure) disposed therein that is comprised of a ZnNgSSsc

cladding layer, a 2nSSe guide layer and a ZnCdSe active layer.

g%



I-f the distance fromthe tip ends of the el ectrodes of the plasna _
generation source to the substrate 41 is represented by L and the radius of
the substrate 41 is represented by r, then the angle through which the ion
i‘'s deflected in order to bend the path of the ion fromthe center of the
substrate outwardly off the outer circunferential edge of the substrate 41

T2 “The- speeds \EAPRIAGH HHUR RoteRRERE Helt b oveoTiRP mdd9Q her ma

e oo oo LR e e o SR L A 3
1017 cm-3 (where Na represents an acceptor concentration and Nd a
donor concentration) by effecﬁing an MBE (Molecular Beam
Epitaxy: Molecular Beam Epitaxy) of a ZnSe layer with a beam of
a beam of free radicals of nitrogen molecules.

“Japanese Journa1 of Applied Physics Letters” Vol. 30
No. 2A, 1991 shows that when p-type ZnSe was produced by
nitrogen molecule radicals according to the above revealed
process, the percentage of activated nitrogen atoms in ZnSe was
only 0.2 %.

One film producing apparatus for producing a film of a
p-type II - VI group compound semiconductor by applying a plasma
of nitrogen is an MBE (Molecular Beam Epitaxy:: Molecular Beam
Epitaxy) apparatus which is schematically shown in FIG. 17, for
example. The MBE apparatus, which is of a type of vacuum
evaporation apparatus, has a chamber 40 with a vacuum degree
(evacuated down to 10-10Torr) by an ultra-high vacuum evacuating
device (not shown), the vacuum chamber 40 housing a substrate
holder 42 for holding a substrate 41 on which a f£ilm of a II -
VI group semiconductor is formed.

The vacuum chamber 40 supports a plurality of
molecular beam sources (K cells) of such a II - VI group
compound semiconductor which are directed toward the substrate
41. A plasma generation source 44 is also supported on the
vacuum chamber 40 for applying a plasma of nitrogen to the

substrate 41. The plasma generation source 44 is in the form of



certain state of thermal equilibriumis equal to Vh, and given by the
foll owi ng equation (3): [err] (3) where k is the Boltzmann constant, T is
t he absolute 17 tenperature, and mis the mass of nol ecule. Therefore,
if the mass of N2 is put in "nf in the above.equation, then a nmean

an ECR (Electron Cyclotron Resonance) plasma cell as -
illustrated. The plasma generation source 44 comprises a plasma
generation chamber 44R having magnets 45, a microwave terminal
46 disposed in the plasma generation chamber for supplying a
microwave,‘and a nitrogen gas inlet pipe 47 disposed in the
plasma generation chamber for supplying a nitrogen gas.

When moleéular beams are applied from the molecular
beam source 43 to the substrate 41, a film of a II - VI group
compound semiconductor, for example, is epitaxially deposited on
the substrate 41. For epitaxial growth of a nitrogen-doped p-
type II - VI group compound semiconductor on the substrate 41, a
nitrogen gas is converted into a plasma due to electron
cyclotron resonance by applying a magnetic filed and a microwave
in the plasma generation source 44, and the plasma of nitrogen
is applied from a plasma outlet 48 of the plasma generation
source 44 to the substrafe 41. In this manner, a nitrogen-doped
II - VI group semiconductor is epitaxially grown on the
substrate 41 upon application of the molecular beams from the
molecular beam source to the substrate 41. A preliminary
chamber 49 is connected to the vacuum chamber 40 for introducing
the substrate 41 into and removing the substrate from the vacuum
chamber 40.

The plasma of nitrogen contains ionized N, ions, N
ions, N; radicals, N radicals and a large number of electrons.

It has been reported that the ionized nitrogen N is not
activated in a II - VI group semiconductor and does not

contribute to electric conductivity (“Journal of Crystal Growth”



thermal velocity can be determined with respect to different absolute
tenperatures T. The speed Vh of the nolecule as it travels toward the

el ectrode upon being accelerated by the electric field E will be described
as follows: The force F which an ion having..an electric charge "q" receives
fromthe electric fieldis F =gE Ignoring the end effect of the el ectrode
pl ates, the erré lon is affected by the electric field only for a tine At
in which t¥elr oB®pel2B8) ¢ RodfAPh-he electric field. Therefore, the inpul se

over the time AL delef Rey ddsi SRR ol 0hrbiSe Nere 20 1 01 $PFOhd S
service life of a semiconductor light-emitting device, e.g., a
semiconductor laser or a light-emitting diodes, of a II - VI
gfoup semidonductor described above, e.g., ZnMgSSe, ZnSSe or
ZnCdSe. To this end, it is important to lower the defect
density and increase the crystallinity.

However, when a plasma of a. p-type impurity of
nitrogen is applied to dope a II - VI group semiconductor while
a film thereof is being deposited, this compound semiconductor
has no sufficient crystallinity, which is a bottleneck in
increasing the reliability and life time thereof.

As a result of research activities, the inventors have
found that when a plasma of nitrogen is applied to dope a II -
VI group compound semiconductor while a £ilm thereof is being
deposited, the application of electrons produced by the
generation of the plasma greatly affects the creation of crystal
defects. The inventors have also revealed that the existence of

N, ions and N ions which do not contribute to the electric

conductivity of a II - VI group compound semiconductor, i.e.,
which are not activated, is likely to induce crystal defects, an
high-speed neutral particles excited by the generation of the
plasma cause damage (damage) to the crystal upon collision with
a déposited semiconductor film. For example, the spectrum of
light emitted at 77 K from a p-type ZnSe crystal that is
deposited on a GaAs substrate and doped with nitrogen by a

plasma of nitrogen includes a light emission, referred to as a



tsherefore given by the follow ng equation (4): [err]

.e. (4) where g = 1.602 x [err] Since E=V/d and [err] where Vis the

applied voltage, the equations (1), (3), and (4) are conbined into the

f-ol | owi ng equation (5): [err] Fromthe equation (2), the condition to be

met for bending the trajectory of the ion is given as the follow ng

equati on (gliiggfréuéfio a crystal defect, as well as a band-end emission
which indicates nitrogen incorporated as an acceptor, as shown
in FIG. 18. However, the spectrum of light emitted from a ZnSe
crystal that is grown simply in nitfogen includes no Y¥-line as
shown in FiG. 19. It can therefore be seen that the Y-line is
produced by a plasma of nitrogen.
DISCLOSURE OF INVENTION

In forming a film of a p-type II - VI group compound
semiconductor, it is an object of the present invention to
provide a method of producing a film of a nitrogen-doped II - VI
group compound semiconductor while effectively reducing crystal
defects thereof to increase the crystallinity thereof, so that
the method is applied to the fabrication of a green or blue
semiconductor light-emitting device, i.e., a semiconductor laser
or a light-emitting diode, the reliability and life time thereof
can be increased.

It has heretofore been reported that the crystallinity
of a ITI - VI group semiconductor can be increased by positively
applying electrons while its crystal is being grown.

According to a first invention, when a film of a II -
VI group compound semiconductor of at least one of elements
belonging to the II group of the periodic table and at least one
of elements belonging to the VI group of the periodic ﬁable is
formed on a substrate, a plasma of nitrogen in an excited state
is applied to the substrate while removing charged particles

from the plasma by deflection or elimination, thereby a film of

a desired compound semiconductor being formed.



I o =2cm d=1cm r =2.54 cmand L = 20 cm and k = 1.38 x 10-23 J/K,
then the angle of nolecule is calculated as follows: [err] The ratio r/L is
given as r/L = 9.127, and hence 0 = 7.24[err]. |If the tenperature of the
pl asma i s 10000 k (about 0.9 eV), then angl-e. of deflection is [err] =
42.26[err] at the applied voltage V=1 [V] (the electric field E = 100

[VIin), and the . . . .
According to a second invention, high-speed neutral

particles directly oriented toward the substrate are removed at
the same time ﬁhe charged particles are removed from the plasma.

According to a third invention, the charged particles
afe deflected or eliminated by an electric field applying means.

According to a fourth invention, the electric field is
applied in a range from 1 V/cm to 1 kv/cm.

According to a fifth invention, the electric field is
applied in a direction across the direction in which the plasma
of nitrogen is applied to the substrate.

According to a sixth invention, the electric field is
applied by a pair of electrodes in a direction across the
direction in which the plasma of nitrogen is applied to the
substrate.

According to a seventh invention, the electric field
is applied by a mesh electrode disposed across the direction in
which the plasma is applied to the substrate.

According td an eighth invention, the compound
semiconductor contains at least Zn of elements belonging to II
group of the periodic table and Se of elements belonging to VI
group of the periodic table.

According to a ninth invention, the charged particles
are deflected or eliminated by applying a magnetic field.

According to a tenth invention, when a f£ilm of II -~ VI
group compound semiconductor containing at least Zn and Se is
formed on a substrate, a plasma of nitrogen in the excited state

is applied to the substrate to activate nitrogen atoms in the



condition is satisfied. dow discharge generally have a tenperature of
about several eV (several tens of thousands [err]K), and the tenperature of
a plasma generated by the ECR plasna generation source is considered to be
of the same order. The velocity of the nolecul e has been approxi mat ed above
by the nean thermal velocity. However, considering the fact that the actual
velocity is distributed several tinmes greater than the mass velocity, the

Maxwel | - BRePASdtedytddm 50t fReEFRATIDLL Ak ite@Storastri ct' anal ysi s.

FIG 5 shows neasured curr.ents fl ow bet ween the, el ect.rodes /51 and 52
when a plasna is ac?’tﬁﬂqﬂd%gpaﬁﬁdeg%ﬁenth invention, when a film of II

- VI semiconductor containing at least Zn and Se is formed on a
substrate, a plasma of nitrogen that is excited by ECR (Electron
Cyclotron kesonance) is applied to the substrate to activate
nitrogen atoms in the deposited film of the compound
semiconductor to a percentage of at least 50 %.

According to a twelfth invention, when a film of II -
VI semiconductor containing at least Zn and Se is formed on a
substrate, a plasma of nitrogen in the excited state is applied
to the substrate to activate nitrogen atoms to a percentage of
at least 50 % while the film of the compound semiconductor has
an effective acceptor concentration which is equal to at most a
saturated concentration. |

According to a thirteenth invention, the plasma of
nitrogen is applied to the substrate while charged particles are
being removed from the plasma by deflection or elimination.

According to a fourteenth invention, the compound
semiconductor is ZnSe;

In the methods of forming a film of nitrogen-doped II
- VI compound semiconductor according to the present invention,
the percentage of activated nitrogen atoms in the deposited film
is increased, and the nitrogen-doped II - VI compound
semiconductor has excellent crystallinity. It appears that the
percentage of activated nitrogen atoms can be increased and the
crystallinity can be improved because the removal of at least

charged particles directed toward the substrate is effective to



el ectric fields are produced between the el ectrodes 51 and 52. In this
case, the flowrate of an N2 gas is 0.10 sccmand the plasma outlet has a
dianeter of 0.5 nmm The current flow ng between the two el ectrodes depends
on the type of ions captured by the el ectrodes, and the nagnitude of the
current is proportional to the nunber of types of ions captured by the

el ectrodes. 19 . . .
prevent unnecessary nitrogen ions and many electrons which are

produced upon generation of the plasma and are not involved in
the electric cbnductivity of the deposited film, i.e., are not
activated, from being oriented toward the substrate and hence
ffom.being introduced into or colliding with the deposited film,
thereby avoiding introduction of unnecessary foreign matters
between the atoms of the crystal and hence breakage of the
crystal.

BRIEF DESCRIPTION OF DRAWINGS

FIG. i is a schematic view of an apparatus for
carrying out a method of producing a film of a nitrogen-doped II
- VI group compound semiconductor according to the present
invention;

FIG. 2 is a schematic cross-sectional view of a
semiconductor light-emitting device which is fabricated by the
method of forming a film of a nitrogen-doped II - VI group
compound semiconductor according to the present invention;

FIG. 3 is a schematic perspective view of a portion of
an apparatus for carrying out a method of producing a film of a
nitrogen-doped II - VI group compound semiconductor according to
the present invention;

FIG. 4 is a diagram illustrative of the manner in
which an electric field is applied in the method of forming a
film of a nitrogen-doped II - VI group compound semiconductor
according to the present invention;

FIG. 5 is a graph showing the relationship between

measured electric fields and electrodes in the method of forming



I+ can be seen fromFIG 5 that about 60 % of charged particles are
captured by the el ectrodes when the electric field between the el ectrodes
is about 20 V/cm and an electric field of 100 V/cmor greater is required
t'o renove nost charged particles by capturing them However, the capability
to deflect charged particles so as not to reach the substrate 41 can be
reached by an electric field of at |east kV/cm and | ess than 100 V/cm

pr ef er abl v B Sk al@l\FFPHPBFdF?PﬁﬂeFI va¥ HEF R Compounde sgnd congyegor
kV/cm the roQ%l qi 3_ectr éscha gg woul d be posed. While the nunber
of ions ca NENS BEEPEYES HEPFELEpendi ng on the dianeter of the

pl asma FIG. 6 is a diagram showing a distribution of nitrogen

concentration in the deposited film of a nitrogen-doped II - VI
gfoup compoﬁnd seniconductor;

FIG. 7 is a table of properties of deposited films of
a nitrogen-doped II - VI group compound semiconductor with and
without the application of an electric field;

FIG. 8 is a graph showing measured results of
concentrations of nitrogen in ZnSe and concentrations of an
effective acceptor which are measured with and without the
application of an electric field;

FIG. 9 is a table of properties of deposited films of
a nitrogen-doped II - VI group compound semiconductor with and
without the application of an electric field;

FIG. 10 is a graph showing, for comparison,
percentages of activated nitrogen atoms in deposited films of a
nitrogen-doped II - VI group compound semiconductor with and
without the application of an electric field;

FIG. 11 is a table of properties of deposited films of
a nitrogen-doped II -~ VI group compound semiconductor with and
without the application of an electric field;

FIG. 12 is a graph of emission intensities méasured by
a photoluminescence process of deposited films of a nitrogen-
doped II - VI group compound semiconductor with and without the
application of an electric field;

FIG. 13 is a schematic view showing a main portion of



outlet, the rate of flow of the N2 gas, and the anode current |A of the

pl asma generation source, it has been confirnmed that substantially simlar
curves 151, 152, 153, 154 shown in FIG 5 are plotted when the anode
current A =15 mA 20 mA, 30 mA, 35 mA, respectively. The results of an
experinment in which an electric field of 100 v/cm or higher was applied

bet ween the_ electrodes to deposit a ZnSe f| In1ac ? he, NB .Qwt h
and Tt vasiHOHIRE IRERFATHDIR GEFEYABO4RUE F TG Gt RAREUCEA, Gwd igis) N

(Secondar ot of MV GHEH R YL 95 41 bp UonlletH ol HARAL "2 015

according to the present invention;

FIG. 14 is a schematic view showing a main portion of
still another apparatus for carrying out a method of producing a
film of a nitrogen-doped II - VI grdup compound semiconductor
according to the present invention;

FIG. 15 is a schematic view showing a main portion of
yet still another apparatus.for carrying out a method of
producing a film of a nitrogen-doped II - VI group compound
semiconductor according to the present invention;

FIG. 16 is a schematic view showing a main portion of
a further apparatus for carrying out a method of producing a
film of a nitrogen-doped II - VI group compound semiconductor
according to the present invention;

FIG. 17 is a schematic view of an apparatus for
carrying out a conventional method of producing a film of a
compound semiconductor;

FIG. 18 is a diagram showing the spectrum of light
emitted according to the conventional method; and

FIG. 19 is a diagram showing the spectrum of light
emitted according to a comparative method.

BEST MODE FOR CARRYING OUT THE INVENTION

FIG. 1 is a diagram showing an MBE apparatus for
carrying out a method of producing a film of a nitrogen-doped II
- VI group compound semiconductor according to the present |

invention. Also in this case, the above apparatus has a plasma

10



nitrogen-doped ZnSe filmthat was grown to a thickness of 1.5 [err] on a
GaAs substrate. In this case, the horizontal axis of the graph represents
the depth of the ZnSe filmfromthe surface thereof. The nmeasured speci nen
was formed by depositing ZnSe initially.in.20 a lower |ayer on a GaAs
substrate without an electric field applied, and then depositing ZnSe in an

upper laye&eﬁQ%Xngnasource 44 in the form of an ECR plasma cell. Those
parts in FIG. 1 are denoted by identical reference numerals.

FIG. 2 is a schematic cross-sectional view
illustrating a II - VI group compound semiconductor light-
emitting device which is fabricated by the method according to
the present invention. This compound semiconductor light-
emitting device is of an SCH (Separate Confinement
Hetereostructure). However, the preseht invention is also
applicable to the formation of a film of a nitrogen-doped II -
VI group compound semiconductor which may be any of various
structures and compositions.

In FIG. 2, there are formed, successively on a
substrate 41, e.g., a GaAs substrate of an n-type III - V group
compound, a buffer layer 2 of GaAs, ZnSe, or/and ZnSSe, an n-
type first cladding layer 3 of ZnMgSSe doped with an n-type
impurity of Cl, a first guide layer 4 of ZnSSe, e.g.,
ZnSo.065€0.94, an active layer (light-emitting layer) 5 of ZnCdSe,
€.g., 2Zng,gsCdo,155e, a second guide layer 6 of zZnSSe, e.g.,
ZNng.06S€0.94, @ p-type second cladding layer 7 of ZnMgSSe doped
with a p-type impurity of nitrogen, a capping layer 8 of ZnSe
doped with nitrogen, a superlattice layer 9 comprising a
repetitive laminated structure composed of a thin-film layer of
ZnSe and a thin-film layer of ZnTe, and an electrode contact
layer 10 or ZnTe doped with nitrogen, by an MBE growth process.

The surface formed thus far is then selectively etched

away to define grooves down to the surface of the capping layer

8, leaving a strip of the electrode contact layer 10 and the

11



thi ckness of 0.5 [err]) on the lower layer while an electric field of 100
v/icm was being applied. Nitrogen concentration [N and effective acceptor
concentrations [Na - Nd] (Na represents the acceptor concentration and Nd
t'he donor concentration) in the upper and |lower |layers are shown in a table
of FIG 7. In this case, the rate of flow of nitrogen was 0.20 sccm the

di aneter of th | asna outlet 48 of the plasna generation source 44 was 2.0
nm and t I‘%“%ﬁfglc%ﬂﬁ‘? efyerabgweensthe gﬁ??‘é?ﬁ ew M8OVES AdiScates that

when an el SRILEddS AR RR LSen ARCLRLL Q080 NP Boh YiddiRe! B2
the like. The insulating layer 11 has an electrode window 11W
through which the strip-shaped electrode contact layer 10 is
ekposed oufwardly. Through thé electrode window 11W, the
electrode contact layer 10 is held in ohmic contact with a p-
side electrode 12 having a multilayer structure of Pd, Pt, and
Au, for example.

An n-side electrode 13 of In, for example, is
deposited on the reverse side of the substrate 41 in ohmic
contact therewith.

In this manner, a semiconductor light-emitting device,
e.g., a semiconductor laser for emitting green or blue light or
a light-emitting diode, is fabricated.

The principles of the present invention are applied to
the fabrication of a semiconductor light-emitting device through
the formation of a film of such a nitrogen-doped II - VI group
compound semiconductor.

As shown in FIG. 1, i.e., in the same manner as that
of FIG. 17, the apparatus for carrying out the method of
producing a film of a nitrogen-doped II - VI group compound
semiconductor according to the present invention has a vacuum
chamber 40 that can evacuated to a pressure of down to 10-10 Torr
by an ultra-high vacuum evacuating device (not shown), the
vacuum chamber 40 housing a substrate holder 42 for holding a
substrate 41 on which a film of a nitrogen-doped II - VI group

compound semiconductor is to be formed, e.g., for holding a GaAs

12



I S reduced, and nitrogen ions are renoved by the electric field. Wen the
el-ectric field was applied, the effective acceptor concentration [Na - Nd]
i ncreased from2.2 x 1017 cm3 which is a value at the tine no electric
field was applied to 3.5 x 1017 cm 3, and the percentage of activated
nitrogen atons increased from20 %to 55 % as shown on the table 1.

clnetrare REBERaRE: SroFEe St SN ndioket ibgﬁé%ﬁ@ﬁ%m@qﬁvm 1

concent rat ERevENiPoRRE:rF ot ol 18 et 8 renl RPPEARTOREY ‘Chabes {Bper

layers is connected to the vacuum chamber 40 for introducing the
substrate 41 into and removing the substrate from the vacuum
chamber 40.

The vacuum chamber 40 supports a plurality of
molecular beam sourcés (K cells) 43 of such a II - VI group
compound semiconductor which are directed toward the substrate
41. TIf the semiconductor light-emitting device shown in FIG. 2
is to be fabricated, then the molecular beam sources 43 include
molecular beam sources of semiconductor materials in the II and
VI groups, i.e., Zn, Se, Mg, ZnS, Te, and Cd, and a molecular

beam source of an n-type impurity of Cl, i.e., ZnCl,. The

buffer layer 2, the first cladding layer 3, the first guide
layer 3, the first'guidé layer 4, the active layer 5, the second
guide layer 6, the second cladding layer'7, the capping layer 8,
the superlattice layer 9 and the electrode contact layer 10,
i.e., the II - VI group semiconductor layers, are successively
epitaxially deposited on the substrate 41 by selectively
switching on and off molecular beams applied from the molecular
beam sources 43 to the substrate 41.

A plasma generation source 44 is also supported on
the vacuum chamber 40. The plasma generation source 44
comprises a plasma generation chamber 44R. The plasma
generation chamber 44R has a plasma outlet 49 opening into the
vacuum chamber 40 for applying a plasma of nitrogen to the

substrate 41. The plasma generation source 44 is in the form of

13



t-hat "were deposited whole an electric field of 100 v/cm was applied by the
electric field applying neans 50 and | ower |ayers that were deposited while
no electric field was applied by the 21 electric field applying nmeans.
Fn FIG 8, a straight line "a" represents an. activated percentage of 100 %
solid circles [err] to a5 represent neasured data in the upper |ayers of

the speci Mgk (818, I8B2°ELSHIE! | Sad el Seigretel 48! 41430:28P hoPhe "

plasma generation chamber 44R, a microwave terminal 46 disposed
in the plasma generation chamber for supplying a microwave, and
a nitrogen gas inlet 47 disposed in the plasma generation
chamber for'supplying a nitrogen gas.

The plasma generation chamber 44R, the vacuum chamber
40 and the substrate.holder 42 are maintained in the ground
potential, or the plasma generation chamber 44R is insulated
from the vacuum chamber and the substrate holder, and a negative
"potential of - several 10s of Volts, i.e., - 50 V, with respect
to the ground potential is applied to the plasma generation
chamber.

When p-type semiconductor layers are to be deposited,
i.e., when nitrogen-doped II - VI group compound semiconductor
layers including the second guide layer 6, the second cladding
layer 7, the capping layer 8, the electrode contact layer 10 of
the semiconductor light-emitting device shown in FIG. 2, are to
be epitaxially deposited, the plasma generation source converts
a nitrogen gas into a plasma due to electron cyclotron resonance
by applying a magnetic field and a microwave in the plasma
generation source. The plasma of nitrogen is then applied from
the plasma generation source to the substrate 41 for epitaxially
depositing nitrogen-doped, i.e., p-type group compound
semiconductor layers on the substrate 41 upon application of the
molecular beams from the molecular beam sources 43 to the

substrate.

In the method according to the present invention, a

14



circles [err] to [err] represent measured data in the upper |ayers of the

specinmens 1 to 5 deposited while an electric field was applied. It is known
that the value of [Na - Nd] is saturated at about 5 x 1017 cm 3 when dopi ng
nitrogen with an ECR pl asma generation source according to the MBE process.
FIG 8 also indicates that the value of [Na - Nd] is saturated at about 5 x

3. b 2 FIG 2 illystrat the effective acceptor
ggﬁZeﬁ?ﬁatwgﬁég %é? dé%ﬂ ?*ﬂglﬁq:ﬁ : r%égiBQanﬁfgﬁﬁspT¥&l%%ﬁﬁthe acti vat ed

percentage?hé?e&ﬂgfgggefefggkeéwﬁ5 Jsagemghgrgeg particle removing means")
50 is disposed between the plasma generation source 44 and the
substrate 41 in the vicinity of the plasma outlet 48. The
excited plésma of nitrogen generated by the plasma generation
source 44 is applied to the substrate 41 while charged particles
in the plasma are being eliminated by the charged particle
removing means. Specifically, while nitrogen radicals in the
plasma of nitrogen are on their way toward the substrate 41, the
charged particle removing means deflects or draws charged

articles, e.g., N,* ions, N+ ions, and electrons to remove them
’ g., 2 !

out of the plasma passage between the plasma outlet 49 and the
substrate 41, so that only the nitrogen radicals of excited
neutral particles which have not electric charges are applied to
the substrate 41 to dope a film of a II - VI group compound
semiconductor while it is being deposited.

The charged particle removing means 50 may comprise a
means for applying an electric field.

As shown in FIG. 1 and FIG. 3, which is a perspective
view of a main portion of the electric field applying means,
such an electric field applying means cqmprises a pair of planar
electrodes 51, 52 disposed one each side of the plasma passage
(plasma fluxes FL) parallel to each other and also to the
direction in which the plasma is applied, for example, applying
an electric field across the direction in which the plasma is
applied to the substrate, i.e., across the plasma fluxes FL,

€.g., perpendicularly to the plasma fluxes. A predetermined
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specinmens 1 to 5 deposited with and without the application of a voltage.
The activated percentages in the upper and | ower |ayers of the specinens 1
to 5 deposited with and without the application of a voltage are shown by
bl ank and hatched bars in FIG 10. It can be seen fromFIGS. 8 and 10 t hat
the activated percentage is nuch greater when a ZnSe filmis deposited with
t he application of. a vo Lage than when a ZnSe fjlm.i.s depﬁiited w t hout the

appl i cati ofPR9e V& ARRdied RetrReen cthe £ g @G RPeFRJISRETAES: i e
when 11110 i3 3099 115414 10 LRS ARRLL oG APT 348! LR9T K698h°BRE8LhY
the two electrodes. The above eléctric field range has been
selected because if the electric field were lower than 1 V/cm,
then charged particles would not sufficiently be deflected or
eliminated, and if the_electrié field were in excess of 1 kV/cm,
then the problem of an electric discharge would be posed.

As shown in FIG. 1, for example, the electrodes 51, 52
are fixed in an electrically insulated fashion to the plasma
generation source 44, i.e., the ECR cell, by insulators 53 of
quartz, alumina, boron nitride, or the like.

The electric field applying means 50 as the charged
particles removing means in the apparatus according to the
present invention will be described in detail with reference to

a schematic view of FIG. 4.

For the sake of brevity, it is assumed that N;* ions

are deposited perpendicularly to the substrate, the velocity of
molecule is represented by a mean thermal velocity according to
the Maxwell~Boltzmann (Maxwell-Boltzmann) distribution, and no

other ion types than the N,+ ions exist. As shown in FIG. 4, an
N»+ plasma generated by the plasma generation source 44 is
discharged from the plasma outlet 48, and when N,+ ions

contained in the nitrogen plasma pass between the parallel

electrodes 51, 52 with a length of 1, that are spaced a distance

"d" from each other, they are attracted toward the negative
electrode under the Coulomb force produced by an electric field

E developed by the two electrodes. Now, it is assumed that a
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i-ndi cates a reduction of point defects caused in the crystal by 22
nitrogen atons that are not activated, and as described later on, inproves
an electric characteristic (mobility) and an optical characteristic

(em ssion intensity in a sem conductor light-emtting device), i.e.,
I nproves crystallinity. Atable of FIG 11 shows the neasured nmobility of
el ectrons | Y ZnZe f.ilmthat taxj al | osited

s{héié)n F?%n fg J ischarged %% ghe plasm éiet and travels

between the electrodes 51 and 52 where the electric field E is
applied, toward the substrate.

If the horizontal speed at which the ion is discharged
from the plasma cell is represented by Vh and the speed of the
ion in the direction perpendicular to the electrode at the time

it is accelerated by the electric field is represented by Vn,

then the angle 6 through which the ion is deflected is indicated

by the following equation (1):

tanf = vn/Vh cee (1)

If the distance from the tip ends of the electrodes
of the plasma generation source to the substrate 41 is
represented by L and the radius of the substrate 41 is
represented by r, then the angle through which the ion is
deflected in order to bend the path of the ion from the center
of the substrate outwardly off the outer circumferential edge of

the substrate 41 should satisfy the following equation (2):

tanf > r/L cee (2)

The speeds Vn, Vh will be determined as follows: The
mean thermal velocity Vth of a molecule which is in thermal
motion according to the Maxwell-Boltzmann distribution.in a
certain state of thermal equilibrium is egual to Vh, and given

by the following equation (3):

Vik = (21w ) 2KT T m)

eee (3)

where k is the Boltzmann constant, T is the absolute

17



whil & an electric field of 100 v/cm was being applied by the charged
particle renmoving nmeans 50 shown in FIG 1 and a simlar p-type ZnSe film
that was epitaxially deposited while no electric field was being applied
according to the conventional MBE process shown in FIG 17. In the
experiment, the nitrogen gas supplied to the ECR cell, i.e., the plasm
generation source 44, at a rate of 0.10 sccm_the anode current | A was 35

m\, and t heCTPPRRERTR kARG Md$ the pass) oL ppleglenddharsfPrg oht fibe
table that_the nphility of elegtrons in the ZnSe fil.m deposited by the
et hod accBRSR i e GRCPBECLBni BT AR R AGYS SSUGF 105 abbER WREBR: h
thermal velocity can be determined with respect to different
absolute temperatures T.
fhe speed Vh of the molecule as it travels toward the
electrode upon being accelerated by the electric field E will be
described as follows:
The force F which an ion having an electric charge "q"

receives from the electric field is F = qE. Ignoring the end

effect of the electrode plates, the Nyt ion is affected by the
electric field only for a time At in which the ion passes

through the electric field. Therefore, the impulse over the time

At determines the speed Vn of the N,+ ion. The speed is
therefore given by the following equation (4):

Vn = (gE/m)At eee (4)
where g = 1.602 x 10-19[C]. Since E = V/d and At = ly/ro where V

is the applied voltage, the equations (1), (3), and (4) are

combined into the following equation (5):

tanb

(qleV)/ (mdvn2)

= (grleV)/(8kTd) eee (5)

From the equation (2), the condition to be met for
bending the trajectory of the ion is given as the following
equation (6):

(gelev)/(8kTd) > r/L .es (6)
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nobi ity of electrons in the ZnSe fil m deposited by the conventi onal
met hod, and hence the ZnSe fil m deposited by the nethod according to the
present invention has inproved crystallinity. FIG 12 shows optical
characteristics of a p-type ZnSe filmthat was epitaxially deposited while
an electric field of 100 v/cm was bei ng applled by the plasma generating
appar at us according to t he resent I nhventi on, e., the electric field
appl yi ng means 50 ofi% He FhafBeddgar} |‘Eﬂ‘erre'r'r3v|5r4gcﬁbéﬁg &nd 40sFWy | apd
p-type ZnSe filmthat was epitaxially deposited while no 23

k = 1.38 x 10-23 J/K, then the angle of molecule is calculated as

follows:

tanf = 9.117 x 103-v/T eee (7))

The ratio r/L is given as r/L = 9.127, and hence 0 =

7.24°. If the temperature of the plasma is 10000 k (about 0.9

eV), then angle of deflection is 8 = 42.26° at the applied

voltage V = 1 [V] (the electric field E = 100 [V/m]), and the
condition is satisfied. Glow discharge generally have a
temperature of about several eV (several tens of thousands °K),
and the temperature of a plasma generated by the ECR plasma
generation source is considered to be of the same order. The
velocity of the molecule has been approximated above by the mean
thermal velocity. However, considering the fact that the actual
velocity is distributed several times greater than the mass
velocity, the Maxwell-Boltzmann distribution should be studied
for a strict analysis.

FIG. 5 shows measured currents flowing between the
electrodes 51 and 52 when a plasma is actually generated and
electric fields are produced between the electrodes 51 and 52.

In this case, the flow rate of an N; gas is 0.10 sccm and the

plasma outlet ha; a diameter of 0.5 mm. The current flowing
between the two electrodes depends on the type of ions captured
by the electrodes, and the magnitude of the current is
proportional to the number of types of ions captured by the

electrodes.
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electric field was being applied according to the conventional MBE
apparatus shown in FIG 17. The optical characteristics were evaluated by a
phot ol um nescence process and plotted as circular and triangular dots in
FIG 12. The horizontal axis in FIG 12 represents the nitrogen
concentration [N] and the vertical axis represents the photol um nescence

em ssion intensity [err]. A study of FIG 12 shows that the nitrogen
It can be seen from FIG. 5 that about 60 % of charged

particles are captured by the electrodes when the electric field
between the electrodes is about 26 V/cm, and an electric field
of 100 V/cm or greater is required to remove most charged
pérticles by capturing them. However, the capability to deflect
charged particles so as not to reach the substrate 41 can be
reached by an electric field of at least 1 kV/cm and less than
100 V/cm, preferably by about 10 v/cm or higher. If the
electric field exceeded 1 kV/cm, the problem of electric
discharge would be posed. Whilé the number of ions captured by
the electrodes varies depending on the diameter of the plasma

outlet, the rate of flow of the N, gas, and the anode current IA

of the plasma generation source, it has been confirmed that
substantially similar curves 151, 152, 153, 154 shown in FIG. 5
are plotted when the anode current IA = 15 mA, 20 mA, 30 ma, 35
mA, respectively.

The results of an experiment in which an electric
field of 100 v/cm or higher was applied between the electrodes
to deposit a ZnSe film according to the MBE growth and it was
doped with nitrogen will be described below.

- FIG. 6 shows a SIMS (Secondary Ion Mass Spectroscopy)

profile of nitrogen atom concentrations in the depth of a
nitrogen-doped ZnSe film that was grown to a thickness of 1.5 um
on a GaAs substrate.

In this case, the horizontal axis of the graph

represents the depth of the ZnSe film from the surface thereof.

The measured specimen was formed by depositing ZnSe initially in
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concentration [N] in the filmdeposited while an electric field was being
applied is 1 x 1018 cm 3, resulting in an em ssion intensity which is about
four times. that of the filmdeposited while no electric field was being
applied. If the nitrogen concentration [N] . .is excessively high, the

em ssion intensity is |l owered because the activated percentage is
saturated. It is believed that a nitr%?en-dqped 1 - VI group conpound

seni condu@ JOVEE dRAYEE PRt 2cFIA% AURTHLGES M- HhOus: 88uBLBCEY1enEifkEhod
according to.t.he present inyentiopn.because the renoval _of at |east charged
Do 11 I oo ARBEL ATLAPET: HEPSHOELRG, 4158 1 ot ABRety A8¥eE,( hogina a
unnecessquﬁickness of 0.5 um) on the lower layer while an electric field

of 100 v/cm was being applied. Nitrogen concentration [N] and
effective.acceptor concentrations [Na - Nd] (Na represents the
acceptor concentration and Nd the donor concentration) in the

upper and lower layers are shown in a table of FIG. 7.

In this case, the rate of flow of nitrogen was 0.20
sccm, the diameter of the plasma outlet 48 of the plasma
generation source 44 was 2.0 mm, and the anode current IA was
1.5 mA.

A review of FIG. 6 indicates that when an electric
field is applied, the nitrogen concentration [N] in the crystal
is reduced, and nitrogen ions are removed by the electric field.
When the electric field was applied, the effective acceptor
concentration [Na - Nd] increased from 2.2 x 1017 cm-3 which is a
value at the time no electric field was applied to 3.5 x 1017 cm-
3, and the percentage of activated nitrogen atoms increased from
20 % to 55 %, as shown on the table 1.

Specimens 1 to 5 were produced by depositing a ZnSe
film on a GaAs substrate under different conditions on the MBE
apparatus shown in FIG. 1. FIG. 8 shows the relationship
measured according to SIMS between nitrogen concentration [N]
and effective acceptor concentrations [Na - Nd] in upper layers
that were deposited whole an electric field of 100 v/cm was
applied by the electric field applying means 50 and lower layers

that were deposited while no electric field was applied by the
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nTtrdQen i ons and many el ectrons which are produced upon generation of the
ptasma and are not involved in the electric conductivity of the deposited
film i.e., are not activated, frombeing oriented toward the substrate 41

and hence from bei ng i ntroduced into or .col Liding with the deposited film
t hereby avoi ding introduction of unnecessary foreign matter between atons

of the crystal and bre ka e of the crystal. The el ectrodes 51, 52 are
suppor t ed gh Stgitte 1§§§céﬂp ) g means. In FIG. 8, a straight line "a"

represents an activated percentage of 100 %, solid circles a; to
as represent measured data in the upper layers of the specimens

1 to 5 deposited while no electric field was applied, and open

circles a;' to as' represent measured data in the upper layers

of the specimens 1 to 5 deposited while an electric field was
applied.

It is known that the value of [Na - Nd] is saturated
at about 5 x 1017 cm-3 when doping nitrogen with an ECR plasma
generation source according to the MBE process. FIG. 8 also
indicates that the value of [Na - Nd] is saturated at about 5 x

- 1017 cm-3,

A table 2 of FIG. 2 illustrates the effective acceptor
concentrations [Na - Nd], the nitrogen concentrations [N] and
the activated percentages in the upper and lower layers of the
specimens 1 to 5 deposited with and without the application of a
voltage.

The activated percentages in the upper and lower
layers of the specimens 1 to 5 deposited with and without the
application of a voltage are shown by blank and hatched bars in
FIG. 10. It can be seen from FIGS. 8 and 10 that the activated
percentage is much greater when a ZnSe film is deposited with
the application of a voltage than when a ZnSe film is deposited
without the application of a voltage, and the activated
percentage achieved at the time when a film is deposited with
the application of a voltage reaches nearly 60 %. This

indicates a reduction of point defects caused in the crystal by
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interval from each other by the insulators 53 of quartz, alumna, boron
Ritride, or the |like which can withstand high voltages. For exanple, if the
pl asma outlet 48 has an inner dianeter in the range of from0.2 mmto 1 mm
the el ectrodes are disposed in confronting.-relation to each other at a
spaced interval ranging froml mmto 5 mm and a voltage is applied bet ween

the two el ectrodes t.o pr an electr e dra /Cﬁ]tO 1

kv/cm | n PHEER & gﬁ?ﬂ%nf§e PR lé%Y? ot |aéf(§%§pgile§ h&teFhi ch

Serves as 5ﬁfafﬂﬁ¥6¥3§ %%FEi%h%ri@”BHéP&cQ@%ﬁE%i%’(moblllty) and an
optical characieristic (emission intensity in a semiconductor
light-emitting device), i.e., improves crystallinity.

A table of FIG. 11 shows the measured mobility of
electrons in a p-type ZnZe film that was epitaxially deposited
while an electric field of 100 v/cm was being applied by the
charged particle removing means 50 shown in FIG. 1 and a similar
p-type ZnSe film that was epitaxially deposited while no
electric field was being applied according to the conventional
MBE process shown in FIG. 17. In the experiment, the nitrogen
gas supplied to the ECR cell, i.e., the plasma generation source

44, at a rate of 0.10 sccm, the anode current IA was 35 mA, and

the film thickness was 1.2 um.

It will be understood from this table that the
mobility of electrons in the ZnSe film deposited by the method
according to thé present invention increased to about twice the
mobility of electrons in the ZnSe film deposited by the
conventional method, and hence the ZnSe film deposited by the
method according to the present invention has improved
crystallinity.

FIG. 12 shows optical chéracteristics of a p-type ZnSe
film that was epitaxially deposited while an electric field of
100 v/cm was being applied by the plasma generating apparatus
according to the present invention, i.e., the electric field
applying means 50 of the charged particle removing means and a

similar p-type ZnSe film that was epitaxially deposited while no
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has the el ectrodes 51, 52 arranged parallel to the direction in which the
plasma is applied, for applying an electric field in a direction across the
direction in which the plasnma is applied. However, an electric field may be
applied in a direction parallel to the direction in which the plasma is
applied. In this case, as shown in FIG 1 or FIG 14, for exanple, a nesh
el ectrode SiM I S dIS osed between the plasnma out] et 48 and the substrate 41

so as to fSdECERICHE §ﬁ§'E%EIQRlQHS%EE¥F¥%éFcPﬁngBaﬁ€ bhet pRNYRREional

el ectrode S._acros ht |ine

interconnebpﬁnappﬁﬁagpﬁsﬁﬂpﬁﬂt¥%ﬁﬁﬁg Q#L t esBB %Fﬁ ec gragteristigs

direction h@r@hgsglﬁggeglﬁfrgiphotolumlnescence process and plotted as
circular and triangular dots in FIG. 12. The horizontal axis in
FiG. 12 represents the nitrogen concentration [N] and the
vertical axis represents the photoluminescence emission
intensity Ip..

A study of FIG. 12 shows that the nitrogen
concentration [N] in the film deposited while an electric field
was being applied is 1 x 1018 cm-3, resulting in an emission
intensity which is about four times that of the film deposited
while no electric field was being applied. If the nitrogen
concentration [N] is excessively high, the emission intensity is
lowered because the activated percentage is saturated.

It is believed that a nitrogen-doped II - VI group
compound semiconductor of excellent crystallinity can be
produced by the method according to the present invention
because the removal of at least charged particles directed
toward the substrate 41 is effective to prevent unnecessary
nitrogen ions and many electrons which are produced upon
generation of the plasma and are not involved in the electric
conductivity of the deposited film, i.e., are not activated,
from being oriented toward the substrate 41 and hence from being
introduced into or colliding with the deposited film, thereby
avoiding introduction of unnecessary foreign matter between
atoms of the crystal and hence breakage of the crystal.

The electrodes 51, 52 are supported at a given spaced
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applied. The mesh electrode 51M nay be in the formof a metal sheet having
a plurality of square holes, each having sides each 0.1 nmto 0.3 mmlon
etched therein by photolithography. Wile a negative voltage of - 50V,

éxanpl e,

is being applied to the plasma generation chanber 44R, a furthe

negative 25 voltage of - 100 V, for exanple, is applied to the nesh

interval from each other by the insulators 53 of quartz,
alumina, boron nitride, or the like which can withstand high
voltages. For example, if the plasma outlet 48 has an inner
diameter in the range of from 0.2 mm to 1 mm, the electrodes are
disposed in confronting relation to each other at a spaced
interval ranging from 1 mm to 5 mm, and a voltage is applied
between the two electrodes to produce an electric field ranging
from 1 v/cm to 1 kv/cm.

In the above embodiments, the electric field applying
means, which serves as the charged particle removing means 50,
has the electrodes 51, 52 arranged parallel to the direction in
which the plasma is applied, for applying an electric field in a
direction across the direction in which the plasma is applied.
However, an electric field may be applied in a direction
parallel to the direction in which the plasma is applied. 1In
this case, as shown in FIG. 1 or FIG. 14, for example, a mesh
electrode 51M is disposed between the plasma outlet 48 and the
substrate 41 so as to face the plasma outlet 48 such that the
plane of the mesh electrode lies across, e.g., perpendicularly
to a straight line interconnecting the plasma outlet 48 and the
substrate 41, i.e., the direction in which the plasma is
applied.

The mesh electrode 51M may be in the form of-a metal
sheet having a plurality of square holes, each having sides each
0.1 mm to 0.3 mm long, etched therein by photolithography.

While a negative voltage of - 50 V, for example, is being

applied to the plasma generation chamber 44R, a further negative
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et ectrode 51M Wth this arrangement, charged particles, e.g., electrons,
are prevented from being delivered out of the plasnma generation chanber 44,
and nitrogen ions are either attracted or drawn back to the nesh el ectrode
51M so that the charged particles and nitrogen ions are prevented from
being directed to the substrate 41. In the above enbodi nents, the charged

ovever . 1 ROVEREF o8h Pty afic ToanBommg %2%%"%&:‘;&%&3' dﬁ%’%eﬁi”?i el d

e o e 8he BARTL Wit ¥niS' aE2hhGdnSNE] HaFild actidles M g "
electrons, are prevented from being delivered out of the plasma
generation chamber 44, and nitrogen ions are either attracted or
drawn back to the mesh electrode 51M, so that the charged
particles and nitrogen ions are prevented from being directed to
the substrate 41.

In the above embodiments, the charged particle
removing means 50 comprises the electric field applying means.
However, the charged particle removing means may comprise a
magnetic field applying means for magnetically deflecting
charged particles moving in the plasma toward the substrate 41
away from the substrate.

As shown in FIG. 15 which is a cross-sectional view
illustrating a main portion of the magnetic field applying
means, the magnetic field applying means may comprise a pair of
permanent magnets 91, 92 disposed in confronting relation to
each other, one on each side of the path of the plasma between
the plasma outlet 48 of the plasma generation chamber 44R and
the substrate 41, for‘applying a magnetic field in a direction
across, e.g., perpendicularly to, the direction in which the
plasma is applied. |

With such a modification, charged particles, i.e.,
nitrogen ions and electrons, that move in the magnetic field
thus generated are deflected under forces produced by the
magnetic field. The direction and intensity of the magnetic

field and the positional relation of the permanent magnets and
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away fromthe substrate. As shown in FIG 15 which is a cross-sectional
viewillustrating a nmain portion of the magnetic field applying neans, the
magnetic field applying neans may conprise a pair of permanent magnets 91,
92 disposed in confronting relation to each..other, one on each side of the
path of the plasma between the plasma outlet 48 of the plasma generation

chamber 4Bl e S Pe ate th oo 2PBLYLA% ISt L P e
plasma is 5§¥¥iéi£s‘Q%é‘dﬂ%ﬁ%&%aﬁ?%&%&C%EBBUtn&rEHéE%%&%E‘E qles, e,

Alternatively, as shown in FIG. 16, for example, the
magnetic field applying means of the charged particle removing
means 50 may not always comprise the above permanent magnets and
may comprise a pair of electromagnets 91, 92 each comprising a
magnetic core and a coil wound therearound, the electromagnets
disposed in confronting relation to each other, one on each side
of the path of the plasma between the plasma outlet 48 of the
plasma generation chamber 44R and the substrate 41. When the
electromagnets are energized, similarly as described before,
they produce a magnetic field in a direction acrosé, e.g.,
perpendicularly to, to the direction in which the plasma is
applied.

Also in this case, charged particles, i.e., nitrogen
ions and electrons, that move in the magnetic field thus
generated are deflected under forces produced by the magnetic
field. Further, in this case, the direction and intensity of
the magnetic field and the positional relation of the
electromagnets and their magnetic strength determined in terms
of electric currents supplied thereto are selected such that
these charged particles are deflected away from the substrate
41.

As described above, if the charged particle removing
means 50 comprises a magnetic field applying means, then the
magnetic field produced thereby is selected to have an intensity

ranging from 10-2 to 10-3 T, for example, in its central region
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m trogen ions and el ectrons, that nove in the magnetic field thus generated
are defl ected under forces produced by the magnetic field. The direction
and intensity of the nmagnetic field and the positional relation of the

per manent magnets and 26 their magnetic strength are sel ected such that
these charged particles are.deflected away fromthe substrate 41

Alternativ§I¥, s shown_in FIG 16, for exanple, the
or eifectively préventing charged particles from being directed

toward the substrate 41.

As described above, low- and high-speed charged
particles can be removed from the plasma that is discharged from
the plasma.generation ch?mber 44R toward the substrate 41. 1In
addition, the plasma generation source should preferably be
arranged to remove high-speed neutral particles as well as
charged particles.

Specifically, as shown in FIG. 13, for example, the
plasma generation chamber 44R has the plasma outlet 48 opening
away from the substrate 41. For example, the plasma generation
chamber 44R has a recess defined in its side facing the

 substrate 41 by a pair of confronting side walls each having a
plasma outlet 49 which is open, i.e., which has its central axis
extend, in a direction substantially perpendicularly to the
direction toward the substrate 41.

In this case, since the plasma outlet 8 are open in a
direction different from the direction toward the substrate 41,
high-speed neutral parficles that are generated when nitrogen is
converted into a plasma normally move straight in the direction
in which the plasma outlets 48 are open, and hence are prevented
from being oriented directly toward the substrate 41.

In the arrangement in which the plasma generation
chamber 44R has the plasma outlets 48 opening away from the
substrate 41, the charged particle removing means 50 is also
provided which is in the form of the mesh electrode 51M in the

embodiment shown in FIG. 13. The charged particle removing
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nagnétic field applying neans of the charged particle renoving ﬁeans 50 may
Rot al ways conpri se the above pernmanent magnets and may conprise a pair of
el ectromagnets 91, 92 each conprising a nmagnetic core and a coil wound
ther earound, the el ectromagnets di sposed in_confronting relation to each
ot her, one on each side of the path of the plasma between the plasma outl et
48 of the plasma, generati on chanber 44R and the substrate 41. \Wen the
el ect rpnag‘_ﬁ%?%s{;ﬂ‘ RRBatden Wik heyPhasHR STPRPEAL R sthanhere may dsuce a
ROt Ll el P Y0358 o PERERSASY b i 1241,

15, or 16.

Those parts shown in FIGS. 13, 14, 15, and 16 which
are identical to those shown in FIG. 1 are denoted by identical
reference numerals, and will not be described in detail below.

In the method and apparatus according to the present
invention, as described above, charged particles, particularly
many electrons, are reliably removed from a plasma of nitrogen
by a magnetic field or an electric field for depositing a £ilm
of a nitrogen-doped II - VI group compound semiconductor having
excellent crystallinity.

A nitrogen-doped p-type ZnSe crystal was deposited on
a GaAs substrate while charged particles were being removed by
the application of an electric or magnetic field, and the
spectrum of light emitted from the deposited nitrogen-doped
crystal was observed. Though the spectrum contains a ¥-line,
its magnitude is considerably smaller than that in the spectrum
of light emitted from the crystal that is deposited according to
the conventional method. Therefore, it was confirmed that the
nitrogen-doped crystal deposited by the method according to the
present ihvention had improved crystallinity.

In the above embodiments, a nitrogen-doped ZﬁSe film
is epitaxially deposited. However, a film of a II --VI group
compound semiconductor composed of a£ least one of II group

elements including Zn, Mg, Cd, Hg, Be, etc., and at least one of

VI group elements including S, Se, Te, etc., e.g., a film of
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A'so’in this case, charged particles, i.e., nitrogen ions and el ectrons,
that nove in the nagnetic field thus generated are defl ected under forces
produced by the nagnetic field. Further, in this case, the direction and
i'ntensity of the magnetic field and the positional relation of the _
el ectromagnets and their nmagnetic strength determned in terns of electric

currents s lie hereto are sel ected such that these charged particles
are deflec#g eangEFroﬁP¥ﬂ§s%uH§¥ﬁan14¥3 RayJdbecAepesitedveand fthee

Char ged PabpRed ceq PYIRTE Wil iR B 382181000 | S || LAcdPRLRL "
electric and optical characteristics.

Therefore, since the percentage of activated nitrogen
aﬁoms is ihcreased and crystal defects are reduced in a film of
a p-type II - VI group compound semiconductor, which is shown in
FIG. 2, deposited by the method according to the present
invention for the fabrication of a semiconductor light-emitting
device, the light emission characteristics of the deposited film
are improved, the threshold current is.reduced, and the service
life is extended. According to the present invention,
semiconductor light-emitting devices of II - VI group compound
semiconductors which are highly reliable and capable of emitting
light at short wavelengths can be fabricated with a high yield.

While the plasma generation source 44 generates a

plasma by way of ECR excitation in the above embodiments, it may

generate a plasma by way of a high-frequency RF excitation.
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nagnetic field produced thereby is selected to have an intensity ranging
from 10-2 to [err] T, for exanple, inits central region 27 _ngg““m“.m
effectively preventing charged particles from bei ng directed toward \%E
can
I

substrate 41. As described above, |ow and high-speed m\\!mg
be renoved fromthe plasma that is discharged fromthe QY

te 41. S
chanber 44R toward the substrate ookl oF crLaIMs

1. A method of producing a film of a nitrogen-doped II
- VI group compound semiconductor, comprising the steps of:

depositing, on a substrate, a film of II - VI group
compound semiconductor of at least one of elements belonging to
the II group of the periodic table and at least one of elements
belonging to the VI group of the periodic table; and

applying a plasma of nitrogen in an excited state to
said substrate while removing charged particles from said

plasma.

2. A method of producing a film of a nitrogen-doped II
- VI group compound semiconductor acéording to claim 1, wherein
high-speed neutral particles directly oriented toward said
substrate are removed at the same time the charged particles are

removed from said plasma.

3. A method of producing a film of a nitrogen-doped II
— VI group compound semiconductor according to claim 1, wherein
the charged particles are deflected or removed by an electric

field applying means.

4. A method of producing a film of a nitrogen-doped II
~ VI group compound semiconductor according to claim 3, wherein
said electric field is applied in a range from 1 V/cm to 1

kv/cm.
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addi'tion, the plasma generation source shouLg“pnePerabTwaE' ranged to
S.
tration

renove hi gh-speed neutral particles as well as i Mﬁl\\g&
Specifically, as shown in FIG 13, for exanpl E\mﬂé\m N
chanber 44R has the plasnma outlet 48 opening. & rom fhe substrate 41.
For exanple, the plasma generation chanber 44R has a recess defined in its
side facing the substrate 41 by a pair of confronting side walls each
having a plasma out |2t Monediash afs pgpducingea, fibncef Nitrogamidapedhds

extend, in a direction substantially perpendicularly to the direction
towar d t hem NbhGghHoiR: cpmpound semiconductor according to claim 3, wherein

said electric field is applied in a direction across the
direction in which said plasma of nitrogen is applied to said

substrate.

6. A method of producing a film of a nitrogen-doped II
- VI group compound semiconductor according to claim 5, wherein
said electric field is applied by a pair of electrodes in a
direction across the direction in which said plasma of nitrogen

is applied to said substrate.

7. A method of producing a film of a nitrogen-doped II
- VI group compound semiconductor according to claim 3, wherein
said electric field is applied by a mesh electrode disposed
across the direction in which said plasma is applied to said

substrate.

8. A method of producing a film of a nitrogen-doped II
- VI group compound semiconductor according to claim 1, wherein
said compound semiconductor contains at least Zn belonging to
elements of the II group of the periodic table and Se belonging

to elements of the VI group of the periodic table.
9. A method of producing a film of a nitrogen-doped IIX

~ VI group compound semiconductor according to claim 1, wherein

the charged particles are deflected or removed by applying an
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I.n this case, since the plasma outlet 8 are open in a direction different
fromthe direction toward the substrate 41, high-speed neutral particles

t hat are generated when nitrogen is converted :“Il,mﬂun)mﬁmﬂ mal |y nove
straight in the direction in which the plasma il en, and
hence are prevented frombeing oriented directly tbward thé stbstrate 41.
In the arrangenent in which the plasm generation chanber 44R has the

pl asma out PeBStEBCEEAldg away fromthe substrate 41, the charged particle
renmovi ng neans 50 is also provided which is in the formof the nesh

el ectrode 51Min the enbodi nent shown in FIG 13. The charged particle

remvi ng 10. A method of producing a film of a nitrogen-doped

II - VI group compound semiconductor, comprising the steps of:
| depositing, on a substrate, a film of a II - VI group
compound semiconductor of at least Zn and Se; and
applying a plasma of nitrogen in an excited state to
said substrate to activate nitrogen atoms in the deposited film

of said compound semiconductor to a percentage of at least 50 %.

11. A method of producing a film of a nitrogen-doped
II - VI group compodnd semiconductor according to claim 10,
wherein said plasma'of nitrogen in an excited state is a plasma

of nitrogen excited by electron cyclotron resonance.

12. A method of producing a film of a nitrogen-doped
II - VI group compound semiconductor according to claim 10,
wherein said film of compound semiconductor has an effective
acceptor concentration which is equal to at most a saturated

concentration.

13. A method of producing a film of a nitrogen-doped
I1 - VI group compound semiconductor according to claim:lO,
wherein said plasma of nitrogen is applied to said substrate
while charged particles are being removed from said plasma by

deflecting or eliminating charged particles in said plasma.
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28  neans in conbination with the plasmm chanber may be the
electric or magnetic field applying ﬂgiﬁ“@ﬁ!hf 1, 15, or 16.
Those parts shown in FIGS. 13, 14, 15% e identical to those
shown in FIG 1 are denoted by identical reference nunerals, and will not

be described in detail below In the nmethod and apparatus according to the

present 14. A method of producing a film of a nitrogen-doped

II - VI group compound semiconductor according to claim 10,

wherein said compound semiconductor is composed of ZnSe.

34



i‘nvention, as described above, charged particles, particularly many

el ectrons, are reliably renoved froma plasnma of nitrogen by a nmagnetic
field or an electric field for depositing a filmof a nitrogen-doped Il -
VI group conpound sem conductor having excellent crystallinity. A

ni trogen-doped p-type ZnSe crystal was deposited on a GaAs substrate while
charged particles were being _renoved by the application of an electric or
magnetic field, and the spectABRFFHCT P hTHEh?fgékpsqﬁﬁh t he deposited

ni t rogen-doped crystal was observed. Though the spectrumcontains a Y-line,
its magnitude is considerably smaller than that in the spectrum

A film of a II - VI group compound semiconductor of at

least one of elements belonging to the II group of the periodic
table and at least one of elements belonging to the VI group of
the periodic table is deposited on a substrate. When the film
is deposited on the éubstrate, a plasma of nitrogen in an
excited state is applied to the substrate while removing charged
particles from said plasma by a charged particle removing means.
The deposited film of a nitrogen-doped II - VI group compound
semiconductor has an increased percentage of activated nitrogen

atoms and improved crystallinity.
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of light emitted fromthe crystal that is deposited according to the
conventi.onal nethod. Therefore, it was confirnmed that the nitrogen-doped
crystal deposited by the nethod according to the present invention had
i'nproved crystallinity. In the above enbothgrents, a nitrogen-doped ZnSe
filmis epitaxially deposited. However, a filmof a Il - VI group conpound
sem conduct or conposed of at |east one of Il group elenents including Zn,
My, Cd, Hg, Be, etc., and at |east one of VI group elenments including S,
Se, Te, etc., e.g., a filmof 29 ‘

41

FIG. 1




ZnTe, ZnSe, ZnMySSe, or the |like may be deposited, and the deposited film
has excellent crystallinity, i.e., excellent electric and opti cal
characteristics. Therefore, since'the percentage of activated nitrogen
atoms is increased and crystal defects armg.educed in a filmof a p-type |
- VI group conpound sem conductor, which is shown in FIG 2, deposited by
the nmet hod according to the present invention for the fabrication of a
sem conductor light-emtting device, the |ight em ssion characteristics of
the deposited film

FIG: 2
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are inproved, the threshold current is reduced, and the service life is

ext ended. According to the present invention, sem conductor light-emtting
devices of Il - VI group conpound sem conductors which are highly reliable
dnd capable of emtting light at short WAzl engths can be fabricated with a
high yield.. While the plasnma generation source 44 generates a plasma by way
of ECR excitation in the above enbodi nents, it nmay generate a plasma by way
of a high-frequency RF excitation. 30 '

FIG.3
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SCCPEiCF CLAIMS 1. A nethod of producing a filmof a nitrogen-dobed - Vv

group conpound sem conductor, conprising the-steps of: depositing, on a
substrate, a filmof Il - VI group conpound sem conductor of at |east one
of elenents belonging to the Il group of 4/I28® periodic table and at |east
one of el enent's belonging to the VI group of the periodic table; and

applying a plasma of nitrogen in an excited state to said substrate whi | e

renmovi ng charged particles fromsaid plasnma.
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2. A nethod of producing a filmof a nitrogen-doped Il - VI group conpound
sem conductor according to claim1, wherein high-speed neutral particles
directly oriented toward said substrat®2fe renoved at the same tine the
charged particles are renoved fromsaid plasoa.” 3. A nethod of producing a
filmof a nitrogen-doped Il - VI group conpound sem conductor according to
claim1, wherein the charged particles are deflected or renoved by an
electric field applying nmeans. 4. A nethod of producing a filmof a
nitrogen-doped Il - VI group conpound sem conductor according to claim 3,

wher ei n

FIG.5
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said electric field is applied in a range from1l VVcmto 1 kV/cm 31 5.
A-nmet hod of producing a filmof a nitrogen-doped Il - VI group conpound
sem conductor according to claim3, wherein said electric field is applied
in a direction across the direction i 6420 ch_said plasma of nltrogen S

applled to said substrate.

15 20

10
Depth from film surface

B
o
>
(1]
1
=
Q
2
0
(=
i 10
I o
M
E:w
>
(1]
[}
AL X b 5 2 2 3 JK O.
' S

=)

~ boad
o O
-— -

FIG.6

. (o®s/swoje) UOTIRIFUSOUCO USHOIZTN



6: A'method of producing a filmof a nitrogen-doped Il - VI group conpound
sem conduct or according to ctlaimb5, wherein said electric field is applied
by a pair of electrodes in a direction7 § 0SS the direction in which said
pl asma of nitrogen is applied to said substrate. 7. A nethod of producing a
filmof a nitrogen-doped Il - VI group conpound sem conductor aecording to
claim3, wherein said electric field is applied by a nesh el ectrode

di sposed across the direction in which said plasma is applied-to said
substrate. 8. A method of producing a filmof a nitrogen-doped I

- FIG.7
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- VI "group conpound seni conductor according to claimi, wherein said
conpound sem conduct or contains at {east Zn belonging to elenents of the |
group of the periodic table and Se be ygging to elenents of the VI group of

the periodic table.
- Vi

9. A method of producing-a filmof a nitrogen-doped I
group conpound sem conductor according to claim1, wherein the charged

partiples are deflected or- renmoved by applying an 32

FIG.§
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electric field. 10. A method of producing a filmof a nitrogen-doped Il -
VI group conpound sem conductor, conprising the steps of: depositing, on a
substrate, a filmof a Il - VI group Cé)fr:p@und sem conductor of at |east Zn
and -Se; and applying a plasma of nitrogen in_an excited state to said

substrate to activate nitr OpgeRmaies: bf sai d conpound
sem conductor to a percentage off at keast 56 % 11. A nerhopl of producing a
filmof a nitrogen-doped I1}- VI} grodipegonpeund sem condget pr “according to
claim 10, wherein said plasfma off nijjogen i an excited seaje is a plasnma
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of ni\tro'gen excited by electron cyclotron resonance. 12. A nethod of
pyroducing a filmof a nitrogen-doped Il - VI group conpound sem conduct or
according to claim 10, wherein said fiI[ncﬁ conmpound sem conductor has an
effective acceptor concentration whict449 equal to at nost a saturated
concentration. 13. A nethod of producing a filmof a nitrogen-doped Il - VI
group conpound sem conguct or according to claim 10, wherein said plasm of
nitrogen i s applied tddsai d substrate while charged particles are being
removed from sai d pl asda b§ deflecting or elimnating charged particles in
sai d pl asnma.
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sem conductor is conposed of ZnSe. 3444 /59
' With lectric
- 100V/cm fieldme
| Mobility 280cm? /V-s |156cm? /V-s
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14. A method of producing a filmof a nitrogen-doped Il - VI group
.conpound seniconductor according to claim 10, wherein said conpound
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FIG.12
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FIG. 18
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LIST OF REFERENCE NUMERALS AND ITEMS

REFERENCE NUMERALS

2
3
4
5
6
7

8
9
10
11

ITEMS

® 0090 e0v000 s 000 s v 0eao Buffer 1ayer

cescccsssassascecnssss. First cladding layer

B

12
13
40
41
42
43
44

44R ® o2 90000000 e0noeeeoe

45
46
47
48
49

50

LA L LI LI I I BB B RN S N R Y

First guide layer
Active layer

Second guide layer
Second cladding layer
Capping layer
Supérlattice layer
Electrode contact layer
Insulating layer
Electrode contact layer
p-side electrode

n-side electrode
Chamber

Substrate

Substrate holder
Molecule beam sources
Plasma generation source
Plasma generation chamber
Magnets

Microwave terminal
Nitrogen gas inlet pipe
.Plasma discharge outlet
Preliminary chamber
Charged particle removing

means
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5l ceeeviisecccssaacesss Electrode
5IM ciecccccccccns eeeees Mesh électrode
52 tececencccncacen ...« Blectrode
53 cececescnsnen ceesess. Insulator

91, 92 ciieeccccncacnae Magnets
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