Zn incorporation and band gap shrinkage in p-type GaAs
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Dimethylzinc(DMZn) was used as p-type dopant in GaAs grown by low pressure metalorganic
vapor phase epitaxy using trimethylgallium and arsine (§<sk$ source materials. The hole carrier
concentrations and zin€Zn) incorporation efficiency are studied by using the Hall effect,
electrochemical capacitance voltage profiler and photoluminescéPice spectroscopy. The
influence of growth parameters such as DMZn mole fraction, growth temperature, andnfd
fraction on the Zn incorporation have been studied. The hole concentration increases with increasing
DMZn and AsH mole fraction and decreases with increasing growth temperature. This can be
explained by vacancy control model. The PL experiments were carried out as a function of hole
concentration (18-1.5x 10?° cm3). The main peak shifted to lower energy and the full width at
half maximum (FWHM) increases with increasing hole concentrations. We have obtained an
empirical relation for FWHM of PLAE(p)(eV)=1.15x 10 8p3. We also obtained an empirical
relation for the band gap shrinkageE, in Zn doped GaAs as a function of hole concentration. The
value of AE4(eV)=—2.75x< 10 8p*”3 "indicates a significant band gap shrinkage at high doping
levels. These relations are considered to provide a useful tool to determine the hole concentration in
Zn doped GaAs by low temperature PL measurement. The hole concentration increases with
increasing AsH mole fraction and the main peak is shifted to a lower energy side. This can be
explained also by the vacancy control model. As the hole concentration is increased above 3.8
x 10* cm~3, a shoulder peak separated from the main peak was observed in the PL spectra and
disappears at higher concentrations. 1897 American Institute of Physics.
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I. INTRODUCTION heavyp-type doping affects the shrinkage of band Gapof
Metal . h : ovPE! i I the base, which enhances the emitter injection efficiency,
etalorganic vapor phase epitaxy B is we thus affecting the performance of thgp™n (N, n, andp®

known for th? growth of multilayered structures of €OM- re electron and hole densitigdBTs > Band gap shrinkage
pound semiconductors and optoelectronic  device

T o . : due to heavy doping is a well known phenomenon in lll-V
fabrication? Many applications require sharp interfaces and mpound semiconductor rticularly observed in GaAs b
controlled doping of impurities in the semiconductors. In ad-compound semiconauctors, particuiarly 0bserve S0y

dition to high optical and electrical quality of the films, the photolt_;mm_escence (PL) ) spectroscop§.'+~*° In_ the
heavily doped epitaxial film for optoelectronic device appli- Néterojunction-based devices, the band gap shifts due to
cations requires mirror smooth surface morphology, which id1€8vy doping result in valence and conduction band discon-
often difficult to obtain due to lattice dilatich? Therefore it tinuity of the heterojunction interface.
is necessary to understand the influence of the growth param- The p-type doping in GaAs can be obtained by C, Be,
eters, which determine the layer quality. Zn, or Mg as doping sources. Among these doping sources
The effect of p-type heavy doping ¥10° cm™) in Zn is the most common dopant in GaAs and AlGaAs, al-
GaAs is an important issue of the optical and electrical propthough the diffusion coefficient of Zn in these 1lI-V com-
erties not only from a fundamental understanding but also fopound semiconductors is highStill it is preferred because
the device applications, such as heterojunction bipolar tranZn precursors can be handled very easily, and high doping
sistors(HBTs)® and laser diod&.The heavy doping affects efficiency (13°-~10?° cm~3), uniform doping can be ob-
the density of states, band structure, carrier mobility, absorptained easily. Zn doping has always shown low memory ef-
tion, luminescence properties, and hence the device propefects, a relatively small amount of deep level trdpsind
ties. For example the heavy doping is used either in the basgood surface morphology even at high doping levels. Be-
or contact layer of the HBTs and the active layer of laselcause of the different electrical and optical properties of Zn
diodes. Also the high doping effects the band gap shrinkagfoped GaAs from C-doped Gah%'>'"?*grown by metal-
and by a band tail extending into the gap. In HBTS, thegrganic vapor phase epitaxfMOVPE), these properties
have been studied extensively by several authors in recent
aElectronic mail: sbk@mrc.iisc.ernet.in years®>—*°Moreover, the identification of luminescent prop-
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erties is still controversial in the heavily doped regidhe
dominant peak in the PL spectrum, at low temperature due to
band-to-band(B-B) or band-to-acceptore-A) transitions
are also the subject of some controvet4y.In addition, it

has been suggested that the shoulder peak at the high energy 7
side may be due toK-nonconserving (nonvertical
transition,® which was counter argued by Serneliié’se-
sult. This prompted us to conduct a systematic study of Zn
doping in GaAs.

PL spectroscopy is the most common characterization
technique for investigating the distribution of defects, con-
cerning the type and heavy doping effect in GaAs, hence
employed in our work. It is a nondestructive and noncontact
technique for examining the band structure and luminescence o v
properties of GaAs. The luminescence properties are depen- 0 1.0 2.0 3.0
dent on the growth condition®@r methody impurity spe- _ -4
cies, doping concentrations, and growth temperatures. It has OMZn mole fraction (x10 )
also been employed to investigate the Fermi level of heavilyg_ 1. Hole concentration of zinc doped GaAs as a function of DMZn mole
p-type doped materiafsthe carrier concentratiohand the  fraction.
epitaxial layer quality® The effects of growth parameters
such as DMZn mole fraction, growth temperatures, and ars: .. L
ine (AsH;) mole fraction on Zn incorporation in GaAs are bility measurement, _conS|der|ng the Hall factop;=1.
investigated thoroughly and these results are compared Witfl'type Iay(_ers with a th|ckness of about L were chosen
published literature&1214-202528y/e are reporting the lumi- or analysis to reduce thickness measurement errors. Hole

nescence properties of Zn doped GaAs with the varyinqgens"t'es in the range of 16-1.5¢10° cm™* were mea-
AsH; mole fraction for the first time. After thorough inves- red. . .

tigation of Zn doped GaAs, we have suggested a reIationshiP PL measurements were carried out using a MIDAC Fou-
of full width at half maximum(FWHM) versus hole concen- ler transform PIT(FTPL) system _at a temperature from 4.2
tration of Zn doped GaAs and band gap shrinkage, Whic)'gj 300 K. Argon ion laser operating at a wavelength of 5145
could be considered a useful tool to determine the free hole' V&S used as a source of excitation. The exposed area was

concentration in Zn doped GaAs by low temperature PLaboUt 3 mrfi. The PL signal was detected by a }Nooled

measurement. The hole carrier concentration increases Wiﬁ\? phhqltodeteci‘t?_r whosekop?rattmg ratnges 'S a\t/)out 0.75-1.9
increasing DMZn mole fraction and Ashinole fraction and eV, while resolution was kept at about 0.5 mev.

decreases with increasing growth temperature. A vacanc

control model was found to be consistent with our results.m' RESULTS AND DISCUSSION

We have observed the shoulder peak at a high energy side 8f Electrical properties

Zn doped GaAs at the hole concentration above 3.8 Effact of variation of DMZn mole fraction and

X 10'® cm™ and disappear at concentration greater than &rowth temperature

X 10'° ecm™3,

MF of TMGa=1767x10"°  J
0 M.F. of AsH3=1.58x1072

700 °C, 100 Torr

T

) (x 10’7)

m

20

10

Hole concentration (c

The surface of epilayers is influenced by the growth pa-
rameters, such as pressure inside the reactor tube, growth
temperature, substrate orientation, A$FHMGa mole ratio,

The Zn dopedb-type GaAs as grown in a low pressure etc. The surface of Zn dopep-type GaAs appears to be
horizontal MOVPE reactor on both Cr doped semi-insulatingmirror smooth over a wide range of temperatu@0—
and Si dopech"-GaAs (100 substrates with an offset by 2° 725 °Q) in this study. Figure 1 shows the hole concentration
towards the[110] direction. The source materials were tri- as a function of DMZn mole fraction.
methylgallium (TMGa), arsine (AsH), and dimethylzinc The hole concentration increases linearly with DMZn
(DMZn) as ap-type dopant and palladium purified,tds a  mole function, which is consistent with that described by
carrier gas. During the growth the pressure inside the reactaslew3* The hole concentration is observed to increase as the
was kept at 100 Torr and the growth temperature was variegrowth temperature decreases as shown in Fig. 2 for a fixed
from 550 °C to 725 °C. TMGa flow rate was kept constant atDMZn mole fraction. The strong temperature dependence of
10 sccm and the Asiflow rate was varied from 30 to 50 Zn incorporation is believed to be a result of evaporation of
sccm in order to obtain different V/III ratios. The total flow zn atoms from the growth surface due to increased vapor
rate was about 2 slpm. The growth rate was varied betweepressure at higher temperatures. The vapor pressure of Zn is
470 and 800 A/min. The details of the growth procedure cannversely proportional to the Zn incorporation and is given
be found elsewher®. by

The doping concentrations were determined by using
both Bio-Rad electrochemical capacitance-volta@CV) Pan=Po exp(—Eo/KTg),
polaron profiler and Hall measurement. The Hall effect bywhereP is a pre-exponential facton,g is the growth tem-
the Van der Pauw method was carried out at 300 K for moperature, andg, is the activation energy. Between 600 and

Il. EXPERIMENT
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FIG. 2. 300 K hole carrier concentrations and hole mobilities for Zn doped
GaAs epilayers grown under various growth temperatures. ASH3 flow rate (SCCM)

FIG. 3. Hole concentration and growth rate as a function of A rate.

725 °C the incorporation activation energy of DMZn from

the slope of the Arrhenius plot is around 3.2 eV, which is inexplain such behavior. In the TMGa—Agllystem, the lead-
agreement with the earlier reported results by Bass anihg reaction to the formation of GaAs can be expressed as:
Oliver*® and Glew?* The surface morphology of Zn doped Ky

layers is polycrystalline in the range of temperature 550—  (CH,),Ga+3/2H,+ Vg~ Gags+3CH,, (1)
575°C. TMGa decomposes rapidly above 500°C in a

MOVPE reactor. Between 500 and 550 °C cracked AsH K2

concentration is normally low. This has been suggested due ASHz+ Vs Asast3/2H,, @

to the lack of cracked Askiconcentration on the growth whereK; andK; are the equilibrium constants of the above
surface’ Glew** suggested that Zn metalorganics can pro-reactions, then

mote arsenic decomposition. TMGa is known to catalyze 3

AsH; decomposition. Above 575 °C the concentration of ar-  [Veal  K» Pen,Past,
senic is significarftand plays a major role in the growth [Vasl Ki PTMGaPﬁZ'
kinetics. In a cracked furnace Asnd As concentrations

reach a maximum at 675 °C, while in an MOVPE system the ~ An increase irP xg,, /Pyga Will increase in gallium va-
decomposition is complete by 700 °C. GaAs hole concentracancy concentration, hence, the incorporation of Zn on the
tions of Zn doped films are known to depend upon AsH Ga site is increased. The hole concentration is thus increased
partial pressures. Therefore, Zn incorporation changes witiwhen the AsH mole fraction is increased.

temperature and decomposed Askbncentration. Above According to analysis of Vechteli®’ the vacancy mi-

600 °C AsH is fully decomposed and Zn incorporation is gration reaction occurring in GaAs growth is expressed as:
temperature dependent. For a given TMGa, DMZn, and N

AsH; mole fraction the hole concentration and Hall mobility Asast Vea=ASeat Vas. @
is also seen in Fig. 2. The hole mobility exhibited a decrease Here As must obtain enough energy to overcome the
with decreasing growth temperature. This phenomena can &nergy barrier. When the growth temperature decreases, the
interpreted in terms of pronounced Zn evaporation from thétbove reaction occurs towards the left and more gallium va-
surface of epilayers at higher growth temperature. Anothegancies tend to appear. Since the incorporation of Zn is pro-
mechanism that may explain these results is temperature dgortional to Ga vacancy, the Zn concentration on Ga sites
pendence of gallium vacancies. Chaegal?’ and Glew* increases under the lower growth temperatures.

observed similar behavior of Zn doped GaAs by low pres-

sure MOVPE reactor using diethylzin®Mzn) and both 3. Effect of growth temperature on growth rate

DMZn and DEZn, respectively. The growth rate is a function of growth temperature for
Zn doped GaAs as shown in Fig. 4. It can be seen from the
figure that the growth rate increases with increasing growth
temperature up to 625 °C. But different authors obs¥rire

The hole concentration and growth rate versus AsH different behavior of growth rate in the temperature range
mole fraction is illustrated in Fig. 3, for a given TMGa and 550—-750 °C. At high substrate temperatures, the growth rate
DMZn mole fraction. The hole concentration showed a neadecreases because of arsenic desorption effects from the
linear variation with increasing AsHlow rates, which is in  growth surface. Between the temperatures 625°C and
agreement with the earlier reported results by Bass an@d25 °C the growth rate was found to be temperature indepen-
Oliver,® while the growth rates were affected with a linear dent which is similar to that described by Gléfvin this
decrease. A vacancy-controlled model may be considered temperature region, TMGa is fully decomposed and hence

()

2. Effect of AsH ; mole fraction
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FIG. 4. Growth rate vs reciprocal of growth temperature.

FIG. 5. 4.2 K PL spectra of Zn doped GaAs epilayers for various hole
concentrations.

growth rate becomes independent of temperature. In a classl'

ic . :
paper, Shaw showed that an examination of growth rate tis observgd that the h_|gher the. Substrate temperature
FTSUQ, the higher the available gallium concentration and

versus ter_np_e_rature allows a general _categorlzatlon of th ence the higher the growth rates.
process, limiting the growth rate as either mass transport,
surface kinetics, or thermodynamics. For an exothermic pro- ) ]

cess such as MOVPE, increasing temperature results in & OPtical properties

decrease in the thermodynamically limited growth rate. If the1. PL spectra as a function of hole concentrations

r.ealction rates limit the growth rate, term.ed _the kin_etically Figure 5 shows the 4.2 K PL spectra of Zn doped GaAs
limited case, the growth rate increases with increasing tMror hole concentrations of

perature. Since diffusion is a nearly temperature independent

process, the growth rate is nearly independent of substraf@® 4.5x 10" cm™3,

temperature in the mass-transport-limited case. The growtfp) ~3.8<10'cm,

rate is nearly independent of temperature of MOVPE growﬂ{C) 8x 10" cm™3,

process in the temperature range from 550 °C to 750 °C, df) 2.9x10°cm™® and

normal operating pressure. This is indicative of mass{® 1.5X10°cm, respectively.

transport-limited growth. At lower temperature, the growthThe curves were intentionally offset along tiieaxis with

rate decreases with decreasing temperature, characteristic @spect to each other for better clarity. The same procedure
a process limited by reaction kinetics. The growth rate isyas used for all the other PL spectra in this article. The
proportional to the flux of atoms being transported, usuallyshoulder peak labeleds* appeared at the doping concentra-
by diffusion, through the gas phase to the interface, which isijgns of p=3.8x 10'8 cm™3, as the arrow indicates. Th&"
identical to the flux of atoms crossing the interface into thepeak is prominent at a hole concentration of 80 cm™3
solid. Using ordinary growth conditions, keeping tempera-and disappears at higher hole concentrations. This peak is
ture between approximately 550 °C and 800 °C, this is thenot to be seen at 120 K PL spectra. TH& peak becomes
normal situation for MOVPE growth of GaAs, the growth more obvious as the temperature decreased or the hole con-
rate is nearly independent of temperature in the masseentration increased. The origin of the S' peak is not yet
transport-limited growth. For surface kinetically limited pro- clearly understood. Szmyd and Majerféicsuggested that
cess, the growth rate increases exponentially with increasinghe shoulder peakl.38 eV} was due to the band bending
temperature. This occurs for the MOVPE growth of GaAsbetween the heavily carbon doped layer and the semi-
only at temperature below approximately 550 °C. Since thénsulating substrate. The high energy shoulder peak beside
MOVPE growth process is in the mass-transport-limited rethe main peak has been explained as being due to the
gime, the growth rate is linearly dependent on the group IlIK-nonconversing process related to the Fermi |&viit
partial pressures not the group V partial pressure, which comrmay be found in contrast with the arguments of Sernéfius.
trols the stoichiometry of the semiconductor. This is impor-Chen et all’ claimed that the low energy shoulder peak
tant because the stoichiometry affects the dopant and impy1.38 eV} represents thee-A) transition. But the shoulder
rity incorporation as well as the concentrations of nativepeak at 1.485 eV for Zn doped GaAs is independent of hole
defects, i.e., those involving interstitial atoms and vacancieoncentration and this shoulder peak was due to the transi-
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tion between the conduction band and the bottom of the im- ]
purity band and not th&-nonconserving process related to - =8 1/3
the Fermi level. Kimet al1? suggested that the shoulder peak AE(p)=115x10 "p
for C-doped GaAs, which appears on the higher energy side,
is mainly due to the conduction band and the heavy hole
valence bandCB—HH) transition. Most recently Leet al®
concluded that the shoulder peak at 1.495 eV is the lumines-
cence of the semi-insulatingSl) substrate, and suggested
that the luminescence of the substrate must be taken into
account when optical properties of heavily doped epitaxial
layers on the substrate are studied by using PL spectroscopy
at low temperature. The FWHM\E(p) of the (e—A) peak
at 4.2 K of PL spectra increases with increasing hole con-
centration. The broadening of FWHM is similar to the C
doped GaA<? Be doped GaA$® and Zn doped GaAsand T T T
can be explained by band-to-band optical transitions with 0 17 18 19 20 7
and without momentumK) conservation between the con- 10 10 10 10 10
duction and valence ban8sAlternatively, this can be ex- Hole concentration (crﬁ3)
plained as the impurity band merges with the valence band
edge and it becomes band tail states at high doping concen- FIG. 6. FWHM of 4.2 K PL vs hole concentrations.
trations. Because of this phenomena, the optical transitions
between the conduction and valence band are broadened, and
the FWHM of PL spectra increases. Thd=(p) increases =A(E—Eg)1’2, of the spectrum to the background level fol-
slowly up to p=1x 10 cm™ and increases rapidly with lowing the work by Olego and Cardofarhis method was
increasing hole concentration. From the data we have ohused by several authors for determinationsgf.
tained an empirical relation for FWHM of Zn doped GaAs, Figure 8 shows the()lgaand gagzoshringage of Zn-doped
_ s 13 GaAs in the range 4%10"'—1.5<10° cm ®, as a function
AB(p)(eV)=1.15¢10""p ®) of hole concentration. In this figure, we have also plotted the
with the concentration range betweenx10' and 1.5 reported results for Zn, Be, and C doped GaAs measured at
x10?° cm3. The results are compared with C dopedtemperatures between 4.2 and 77 K, as the band gap shrink-
GaAs’ and shown in Fig. 6. The value of FWHM is about age is independent of temperatfiréhe measured band gap
10 meV forp=1x10*® cm 3, and it increases rapidly at shrinkage of carrier concentration of Be, C, and Zn doped
>3x 10" cm 3 due to the appearance of the extra pdak  GaAs, exhibited consistent agreement among each
beled S in Fig. 5). When the concentration reaches 1.50ther®10:1218192529n general, the band gap shrinkage is
x10%° cm3, the value of FWHM is 50 meV. The shoulder proportional to the hole concentration of the fopH?, thus
peak is independent of hole concentration and disappears #tcan be represented by
concentration greater than<gL0'® cm™3. The shoulder peak B _
on the high energy side of the main peak has often been AEg—Eg(doped—Eg(pure)——Bp1’3, @)
observed in the PL spectra of highly doped GaAs samples.

(@]
o

e This work a
| — Fitted value
4 Chen,C,20K

b )] [o2]
o o o
T L

PL FWHM, AE (p) (meV)
N
o

2. Band gap shrinkage due to doping effect 1.52}

The main peak energy shifted to lower energy as the
hole concentration increased, which is primarily because of
doping induced band gap shrinkage or band gap narrowing
(BGN). Figure 7 shows the main PL energy with the hole
concentrations in the range of110'"—1.5x 10?°° cm™3. For
multilayer structures, the PL peak positioB,, is much
easier to confirm even when the emission from other layers
are present Therefore, theée,— p relation is very important
for the determination of hole density in the base of HBTSs.
The empirical relation foE,—p can be represented by

E,=1.52-4.1x10 ° p*#* (6)

We have included the results presented by other workers in 1016 1018 1020
the open literature for comparis8i?-18252%t is very diffi- 3
cult to extract the exact band gap shift from the PL spectra
because of lifetime broadening effelfsVe determined the FIG. 7. 4.2 K PL peak energl, as a function of hole concentratiof:--)

band gapE,, of heavily doped GaAs, by a linear extrapo- fited value,(®) this work, () Ref. 8,(¥) Ref. 14,(#) Ref. 18,(+) Ref.
lation to the energy axis, using a function of the tyi{&) 15, (W) Ref. 29,(0) Ref. 16,(V) Ref. 25,(A) Ref. 25,(0) Ref. 17.

-+ T~ L)
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FIG. 8. The band gap shrinkage of Zn doped GaAs epilayers as a functioRhree Curves re_present three d|ffere_nt Adidw rates, It. IS
of hole concentration(®) this work, (¥) Ref. 29,(A) Ref. 19,(A) Ref. 10, S€€n from the figure that the PL main peak energy shifted to
(#) Ref. 8, (W) Ref. 25,(0) Ref. 25. lower photon energies and the shoulder peak appeared at the
higher energy side. Since the hole concentration depends on
) ) the Ga vacancy and hence Aspartial pressuréfrom Eq.
whereB has been adjusted to give the measured valug,of (3)], the peak shifts due to the band gap narrowing effect.
at higher hole concentrations and the minus sign signifies thgye are reporting for the first time to our knowledge, the
band gap shrinkage at higher concentrations. The empiricjiminescence properties of Zn doped GaAs with the AsH
relation for band gap narrowing with our data can be writteNmole fraction variation. The hole concentration increases
as with the increasing V/III ratio for a given TMGa mole frac-
AE4=—2.75x 10 8p1s3, (g) tionand grovvtr_] temperature of Zn d.oped GaAs, which is the
o . same as described by Chagigal 2’ This can be explained by
whereE, is in eV andp in cm™". We have made an attempt (he yacancy controlled model as described in B). But
to _f|t390ur experimental data to the expression suggested byompletely different observation had been made by Hanna
Jain; et al,'! that for a given growth temperature the hole density
Ey=Eq(0)—AE4(p), (9) p decreases with increasing V/III ratio for C doped GaAs

using CC}, as a source of carbon.
whereAEy(p) =ax p3+bx pY+cxp'? a, b, andc are 9 CCh

the coefficients that represent the effects of the BGN due to

majority-majority carrier exchange, minority-majority corre- 4- Effect of PL measurement temperature

lation, and carrier—ion interaction respectively. Hotype The PL emission spectra at various temperatures were
GaAs, the constant®, b, and ¢ are 9.8%10°° 3.9 investigated and shown in Fig. 10. The PL line shapes be-
x1077, and 3.%<10 2 respectively, wherg is the hole  came sharper and shifted to higher energy as the temperature
concentration in cm® and Ey(p) in eV. The band gap decreased. Figure 10 shows the PL spectra measured at 300,
shrinkage result also plotted in Fig. 8 is given by Casey and 20, and 4.2 K for Zn doped GaAs wifh=8x 10 cm™3.
Stern?® These relations are considered to provide a usefuh minute shoulder peak at the high energy side of the main
tool for determination of hole concentration in Zn dopedpeak was observed; this peak is more obvious as the tem-

GaAs by low temperature PL measurement. perature decreased or the concentration increased. The main
peak is shifted to the high energy side as the temperature is
3. Effect of AsH  variation on PL spectra decreased. Olego and Cardbihave shown that the Varshni

equation is valid for heavily doped materials, assuming

ptoperies of 2n doped GaAs, the PL measurement were cafs(?) rePTeSens the actual band gap of the material at 0 K.
ried out at 4.2 K specificall),/ on those samples grown at” and § are adjustable parameters. This equation can be
different AsH; flow rates. Figure 9 shows the PL spectra ofexpressed as

Zn doped GaAs for fixed TMGa, DMZn mole fractions. The Eg(T)=Eg4(0)— aT?/(B+T), (10
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AsH; mole fraction increases. This has been explained by the

M.F. of TMGa = 1.8x10_l' vacancy controlled model.
M.F. of AsH3=1.58x10 2 ACKNOWLEDGMENT
M.F. of DMZn=1.942x10 5 The authors wish to thank Bharat Electronics for finan-
650 °C, 8x1018 cm'3 cial support for carrying out this work.
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