Zn and Si Incorporation and Band Gap Narrowing in
GaAs Grown By LPMOVPE

M. K. Hudalf', P Modok, 5. Hardikar and 5.8. Krupanidhi

Cantral Research Laboratory,
Bharat Efectronics,
Bangalore — 560 013

Ahstract

(MMEn amd Sty were wved oy a p and n-tvpe dopanis,
respectively i Gads grown by LPASOUPE. The dopam
tncorporatton efficiencies were sinhod by ueiny he variows
growth parameters. LTPL was wved fo sivdy the band pap
shrinkage in Sn and Ni-daped {';.:143 fllims ax a furction of hole
ComCERration .Hf.l" ! S P cm ,.l ard eleciron concenirallon
FIE -1 el 0 o) We have obtalmed an empirical Felaiion
for FWHM of PL. AE{p) fel) — | 1 Sxt0-8 p'7 and bard gap
shrirkage, Afg (eV) = - 2.75x]0-8 p'™ in Zn doped Ciads and
Al el = Laxdi-8 0" | AFg fel) = < L4500 0" i
doped Gady  These values indicale o significant hand gap
shrinkage af high doaping levely and convidered 1o provide a
wsefid fowal fo defermine the  hole elecivon concestration in
Enyi doped Gads by low temperature PE measiremeni
respectively,

1. Intreduction

The effect of p-type and. n-type heavy doping (=10'*
em™™y in GaAs 13 an important issue of the optical and
electrical propertes not  only from a  fundamental
understanding but also for the device applications. The heavy
doping changes the band gap narrowing (BGMN) or band gap
shrinkage dug 1o the formation of density-of-states  Ancther
important phenomenon occurring in the heavily donor-doped
semiconductors will be an increase in the inter band transition
eneigy due to the filling of the conduction band by electrons,
that is known as the Burstein-Moess effect [1]. Band gap
shrnkage due to heavy doping is a well known phenomenon m
1= compound semiconductors [n the heterojunction-tased
devices, the band pap shifis due to hesvy doping result in
valence  and conduction band  discontinuity  of  the
heterajunction mierface.

The p-tvpe doping in GaAs can be obtained either of
C, Bz, Zu , or Mg as doping sources: Among these doping
sources Zn 15 the most common dopant in GaAs and AlGass
[2] The a-type doping in GaAs can be obtained either of Si, 5,
Ge, Sn. Ee, or Te as doping sources.  Amaong these doping
sOUrces 5i s commonly used as an intentional n-type dopant
in GaAs and related compounds [2] PL spectroscopy was used
1o study the hedvy doping effect, examining the band structure
and luminescence properties of GaAs  After  {horough
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mvestigation of Zn'Si doped Gads, we hive suggesied a
relaticnship of full width a1 hall maximum (FWHM) versus
holefelectron concentration of Zn'Si doped Gads and band gap

shrinkage
2. Experimental

The Zn/Si doped pin-type GaAs were grown in & low
pressure horizontal MOCVYD reactor on both Cr-doped semi-
insulating and Si-dopad n'-Gads {1007 substrates with an
offset by 2° towards [110] direction by using dimethylzinc
{DMZn) as a p-type dopant and {104 ppm ) silane (5iH,) as an
n-type dopant. respectively. The details of the growth
procedure can be found elsewhers [1.4]. The doping
coicentrations were determined by using both electrochemical
capacitance-voltage (ECWV)  polaron  profiler and  Hall
measurement Hole densities in the range of 107~ | 5 x10°"
em™ and electron densities in the range of 10" - 1.5 x10™
e’ were measured, PL measurements were carried out using,
a MIDAC Fourer Transform PL (FTPL) system M a3
temperature of 4 2K, resolution 0.5 meV and 100 mW laser
power  Argon ion laer operating at a wavelength of S145A%
waz used as a source of excitation. The exposed area was
about 3Imm®  PL signal was detected by a LN, coolsd Ge-
Photodetector whose operating rangs s about 0,75-1.9 gV,

3. Results and discussion

3. Ln incorporation and band gap shrinkage

The hole/electron  concentralion  increases  with
increasing DMEn f5iH4 mole fraction. The hole concentration
15 observed 10 increase as the growth temperature decreases
and the electron concentration increases with increasing
growth tempersture The hole concentration increases with
increasing, AsH, and TMGa mole fraction and the growth rate
was found 1o be decrease with increasing AsH, and decreasing
TMGa mole fraction [5] The former can be explained by
vacancy controlled model [n the TMGa-AsH3I system, the
leading reaction 1o the formation of GaAs can be expressed as;

K,

(CH4),Ga+ 34 Hy + Vg, e Gag, + 3CH, .
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Kz
AsHy + Vo, & Asy, + 3 H,y (2)

‘Where K, and K; are the equilibrium constants of the above
meactions, than

[Voa] _ Kz Plig Pasy

[Vas]l Ky Prygoa PR,

An increast N PaaoPrwcs will increase m Ga
vacancy, hence the incorporation of Zn on the Ga site |s
increased. The hole concentration 15 thus inereased when the
AsH, mole fraction is increased Fig 1 shows the 42K PL
spectra of Zn-doped GaAs for hole concentrations of 4 5x 10"
cm”, 38x10" em®, Bx10" em”, 2 10" em”, | Sx10™ o
¥, respectively The FWHM, AE(p) of the (e-A) peak o 42K
of PL spectra increases with increasing hole concentration.
Alternatively, this can be explained as the impurity band
merges with the valence band edie and it becomies band taul
States &t high doping concentrations.  Because of tlus
phenomena, the optical transitions betwean the conduction and
valence band are broadened, the FWHM of PL specira
increases. From the data we have obtained an empirical
relation for FWHM of Zn doped GaAs,

AB(p}eV= 115 x 107" p'” (43
with the concentration ranges of 1 x 107 - 1.5 x 10 cm™

(3)
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FIG. 1. 4.2K PL spectra of Zn-doped Gass epilayers

The miain peak energy shifted wo lower ensrgy as the
hole concenteation mcreased, which is primarily because of
doping induced band gap shrinkage or band gap narrowing
{BGN). We have determined the band gap, E, of heavily
doped GaAs, by a linear extrapolation to the energy axis, using
4 function of the type TE) = A (E-E,)'". of the spectrum to the
I[Ih_l:karmud level following the work by Clego and Cardona

]

Fig 2 shows the band gap shrinkage of Zn-doped
Gahs in the range 4.5 x 10" to 1 5 % 10™ em™_ as a function
of hole concentrations.  In this figure, we have also plotied the
reported results for Zn, Be and C doped GaAs measured ot
temperafures between 42K and 77K, because the band gap
shrinkage i independent of temperature [6] The meagured

band gap shninkage of carner concentration of Be, C and Zn-
doped Gads, exhibitéd congistent agresment between each
other [5]. In general, the band gap shrinkage 15 proporional to
the hole concentration of the form p', thus it can be
represented by

AE,=E, (doped) - E, {pure} = - Bp'® E3)
where B has been adjusted to give the measured value of AE,
at higher hole concentration and the minus sign signifies the
band gap shrinkage at high concentrations, The empincal
relation for band gap narrowing with our datas can be writlen
ns

AE, =-275 % 10%p" {6)

where AE, 15 in e¥ and p in em™, We have made an attempi
to fit our experimental daia to the expression sugpesied by
5.C Jan [7].

E,=E, {0)- AE, (m (m
Where AE, (pl=axp'” +bx p" +cxp'™ a bandcame
the coefficients that represent the effects of the BGN due to
majority - majority carmer exchange, munority - maEpOTity
correlation and carrier - jon interaction respectively
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F1G. 2. The band gap shrinkage of Zn-doped Gass
3.2, Si incorporation and band gap shrinkage

The electron concentration decreases with incressing
TMGa flow rates and the growth rates were affected with a
linear decrease. This can also be explained by vacancy control
model. Since 5i ag a donor 15 on the Ga sublamice and under
equilibrnium its incorporation should be proportional o the
concentration of Ga vacancies, Vo, [8]. The doping reaction
15

k3
SiHy+VGe —+Sige+2H7z (8}

From equations { ¥) and (4) one can write |
[$iga ] F2ky Pty l‘AsJL-.Pl

; ' 19
IYaal K1 Prca gl <M

An  Increase in P.ﬂ.-.lh will increase in gallium wvacancy

conceniration. hence, the incerperation of Si on Ga Sile is

494



increassd The electron concentration 1s thus increased when
the AsH, mole fraction is increased and hence the PL main
peak 15 shifted towards the higher energy with increasing AsH,
maole fraction e =
ML A T ] ]
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F1G. 3. 42K PL spectra of Si-doped Gads epilayers

Figure I shows the 4. 2K PL spectra of Si-doped Gads
for electron concentrations of 1x10" cem”’, 15x10" em™,
A0 w8107 em”, 10" em™, ix10" em”,
respectively. The peak ar | 493 ¢V has bean attributed 1o band-
to-acceptor (B-A) iransitions invelving, residual carbon (€
impuritics present in MOVPE Gaas [4] This B-A transitions
are observed ai electron concentration 1%10" em™  and
decresses  with increasing doping concentraliom.  Beyond
12¢10" em? in our case, only one broad emission band s
found, and the peak maximum of the dominant emission £,
15 shifted monotokicaly tewards higher energy with increasing
free-carmier concentraiion. Accarchng to Burstein and Mioss,
this shuift resulte from the filling of conduction band The
asymmetry observed in the spectra of Fig 4at n =3.2x10" em’
' strongly indicates that indirect (withoul k-selection) B-B o
B-A transtions dominate the emission across the optcil gap
The contribution of indirect transitions in the lumdnescence of
degenerate n-type senuconducions has recently been reponed
for n-type InP [7].

The full wadth at half mamem (FWHM), AEin) of
the B-B peak @t 42K of PL cpectra increases with mcreasing
electron concentration. The AE(n) mcreasss slowly upion=2
x 10" em ™ and increases rapedly with increasing electron
concentration, From the data we have obuined an empiricl
relation for FWHM of Si-doped Gaas,

ABR) (e¥ )= 1.4 x 107" 0" {1
with the concantration range of 1x10' <1 Sx10™ em''

Fagure 4 shows the band gap shrnkage of Si-doped
Gahs o the range | x 10" to 15« 10" em™. a% a function of
eléctron concentration, The empirical relation for band gap
narrawing with our datas can be written as

AE,=-145% 10" ' (1)
where AE, is in eV and n inem™ W hive made an attempt 1o
fit our experimental data 1o the expression suggested by 5.0
Jam |7,

AE inj=axn™ +bxn - cxn'™ (123
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FIG. 4. The band gap shonkage of Si-doped GaAs

For n-type GaAs, the constants 4. band ¢ are 16,5 %
10", 239 % 107 and 60 4 x 107, regpectively, where n is the
electron concentration in cm”  and AE, (n) m eV These
relpmons  are considered to pravide 3 useful toal for
determination of hole‘clectron concentration in Zn/Si-doped
Gass by low temperature PL - mieasurement Cioad
experimental agreement has been obtained for Eqi12) in the
camae of p-GaSh amd p-GaAs [57] The details of the
discussion can be found in this reference [9]

4. Conclusion

Zn/Si-doped. Gads epitaxial layers grown by low
pressure metalarganic vapar phase epstaxy in the hole'slectron
conceniration range  {10°15x10" em™ and  (1n10V-
I 5x10™em™,  respectively have been vesigated by
pltolminescence a5 & function  of  hole‘slectron
concantrations. From the PL spectra we have obuained an
emparical relation of FWHM and band gap shrinkags a a
function of hole/electron concentrations. These relativns are
considered fo provide a useful tool for determining the sleciron
concentration by low lemperature PL measurement.
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