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Abstract 

Photoluminescence characteristics of heavily carbon-, beryllium- and zinc-doped GaAs were studied in this investigation. The band-to- 
acceptor (e,A) transition was identified via various doping concentrations from lOI to 102’ cm-3 and the temperature from 20 to 300 K. As 

a result the (e,A) peak was found to be a dominant peak at 20 K instead of the band-to-band (B,B) peak at p > 1 X lOI cme3. The (e,A) 
peak was also observed at 300 K and enhanced with the increasing carrier concentration at p > 2.8 X IO’* cme3. Bandgap shrinkage of these 
samples was qualitatively obtained. When p> 1 X lOI cm- 3, the impurity band merges with the valence band and the btnding energy of the 
acceptor is equal to zero. Consequently, the bandgap can be taken as the energy between the conduction-band minimum and the top of the 
impurity band. 
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1. Introduction 

Heavily doped materials are of interest for pursuing either 
low base resistance of highly conductive contacts for the 
heterojunction bipolar transistors ( HBTs) [ l-61. In heavily 
doped GaAs, due to the Coulomb interaction between the 
ionized impurities and holes, and the exchange energy of the 
hole shift, the band edge changes from its undoped value E. 

into the bandgap by A E, [7]. Several methods to determine 
the bandgap shift caused by heavy doping are available. How- 
ever, each method is subject to limitation. Determination of 
the bandgap shift from a transport device structure is difficult 
due to the many parameters such as mobility, lifetime and 
diffusion constant which are not easy to measured [7,8]. 
Standard absorption measurement cannot be used to measure 
the band-to-band (B,B) absorption for the heavily doped 
epilayers due to the Burnstein-Moss effect [ 91. Other meth- 
ods, such as the capacitance method [ lo] and X-ray photo- 
emission spectroscopy [ 111, were also used to deduce the 
shift in bandgap structure. 

Photoluminescence (FL) is a common technology to 
investigate the bandgap properties of the III-V semiconduc- 
tors [ 2,3,9,12,13]. Olego and Cardona [ 121 studied the PL 
characteristics of the heavily Zn-doped GaAs single crystal 
and proposed a method to decide the real bandgap of the 
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heavily doped material. The energy corresponding to the tail 
of the main emission band and the background is taken as the 
‘actual bandgap’ of the material. The method has been used 
to decide the bandgap of heavily C-doped [ 2,3,9] and Be- 
doped [ 131 GaAs samples. It is valid if the main peak is due 
to the (B,B) transition. When the doping concentration is at 
the light and medium doping levels, the (B,B) and band-to- 
acceptor (e,A) transitions are both possible [ 14,151. How- 
ever, for the heavily doped regime, the impurity band merges 
with the valence band; in this situation, the existence of the 
(e,A) peak is arguable [ 14-161. Additionally, the PL line- 
shapes of the samples grown by metal-organic chemical 
vapor deposition (MOCVD) [2,3,5,9] are also different 
from the samples of the Zn-doped single crystals GaAs [ 121 
at the heavily doped regime. 

In this investigation, we varied the measured temperature 
and concentration to identify the (e,A) peak. The bandgap 
shrinkage of degenerate p-type GaAs is discussed. 

2. Experimental 

Both the C- and Zn-doped layers were grown in a low- 
pressure (50 Torr) triethylgallium-arsine (TEGa-ASH,) 
base MOCVD system. A horizontal thermoresistorheater was 
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used for growth process. The source materials were TEGa, 
ASH,, diethylzinc (zinc doping source) and CCL, (carbon 
doping source). The details of LP-MOCVD growth charac- 
teristics have been described in a previous study [ 61. The 
Be-doped GaAs was grown by solid-source molecular beam 
epitaxy (MBE) . All samples were grown on Cr-doped semi- 
insulation GaAs ( 100) substrates. The carrier (hole) con- 
centrations were measured by the standard van der Pauw- 
Hall method at a magnetic field of 5 kG. Optical transitions 
were studied by PL measurement. The PL spectra were 
obtained with the 4880 A line of an Ar + laser at an excitation 
intensity of 160 mW from 300 to 20 K. 

3. Results and discussion 

Fig. 1 shows the PL spectra of undoped GaAs at 20 K with 
different acceptor concentrations as a reference for the PL 
measurements. Since the relationship between the acceptor 
(carbon) concentrations of the four samples is 

[Cl,,,> [Cl(b)> [Cl,,,> [Clw the peak at 1.489 eV can 

be identified as the (e,A) peak, and the peak at 1.514 eV 
identified as the (B,B) peak [ 61. Fig. 2 illustrates the nor- 
malized PL spectra at 20 K of the sample withp = 1.3 X 10” 
to 1.4 X lo*’ cme3. The two samples with p = 1.3 X 10” and 
5 X 10” cmp3 are the Be-doped GaAs films, and the other 
samples are the C-doped GaAs. For further concentration 
increases up to 5 x 10” cme3, the (B,B) peak is at higher 
energy beside the (e,A) peak, but it is not very noticeable. 
For the concentrations between 1.3 X 10” and 5 X 10” cmp3, 
the (e,A) peak is observed higher than that of the (B,B) peak 

20K PL 
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Fig. 1. PL spectra of the undoped GaAs at 20 K with different acceptor 
concentrations. The relationship between the acceptor (carbon) concentra- 
tions of the four samples IS [Cl (a) > [Cl(b)> [Cl,,,> [Cl,,,. 
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Fig. 2. Normalized PL spectra of the C- and Be-doped GaAs with 

p = 1 X IO”-1.4 X 10” crnm3 at 20 K. The (e,A) peak grows, relative to the 
(B,B) peak, with the increasing hole concentration. 

at 30 K for the sample of p = 2.7 X 10” cme3 [ 131. More 

rapid increase in the (e,A) peak than the (B,B) peak, as with 

the increasing acceptor concentration, leads to the disappear- 

ance of the (B,B) peak at p > 5 X 10” cme3. In Fig. 2, the 

main peak is due to the (e,A) peak and its shift toward low 

energy. It becomes broader as the hole concentration 

increases. 

Fig. 3 shows the Be-doped GaAs sample with 

p=1.3X1017cm-3 at 100 and 20 K, respectively. The over- 

all intensity decreases as the temperature increases. The inten- 

sity decreasing rate of the (e,A) peak is higher than that of 

the (B,B) peak, leading to the fact that the (e,A) peak is 

lower than the (B,B) peak at 100 K. In addition, the width 

of the (B,B) peak becomes broader and merges with the 

(e,A) peak. 
The temperature dependence of PL spectra at 

p= 8.4X 10” cmp3 is illustrated in Fig. 4. The intensity of 

the low-energy peak increases faster than that of the high- 
energy peak with decreasing temperature. This would lead 
towards the domination of a lower-energy peak at a lower 

temperature. The higher-energy peak is due to the (B,B) 

transition that has been described in many studies 
[ 12,13,17,20,25]. The low-energy peak has been controver- 

sial in many studies [ 17,26,27] ; this is the (e,A) transition 
shown in Fig. 4. The temperature dependences of the (e,A) 

peak and (B,B) peak of C-doped GaAs are the same as those 
of Be-doped GaAs. 
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Fig. 3. Be-doped GaAs with p = 1.3 X IO” cm-‘. The (e,A) peak and the 

(B,B) peak still separate at 20 K; however, these two peaks merge due to 

the broadening of the (B,B) peak as the temperature reaches 100 K. 
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Fig.4. PLspectraoftheC-dopedGaAs withp=8,4X 10’8cm-3.The (B,B) 

peak is observed at T> 100 K. 

As mentioned above, the (e,A) peak is enhanced with 
increasing acceptor concentration and it dominates the 20 K 
emission spectrum when p > 5 X 10” cmm3. Additionally, 
when p > 8.4 X lOI cm- 3, the (e,A) peak is higher than the 
(B,B) peak at 300 K, and it dominates the 300 K spectra. 
Fig. 5 illustrates the 300 K PL spectra of the C-doped samples 
with p=2.7X lOIs, 8.4 X lOI and 8.9X 1019 cmd3, respec- 
tively. The intensity of the (e,A) peak relative to the (B,B) 
peak increases with hole concentration and leads to the 
appearance of the (e,A) peak at 300 K which dominates the 

luminescence spectrum. When p = 2.7 X 10” cmm3, the low- 
energy peak is only a shoulder peak beside the (B,B) peak, 
where both the (e,A) peak and the (B,B) peak can be 
observed at p = 8.9 X 1019 cm 3. In other words, the (e,A) 
and (B,B) peaks occur at the heavily doped level, in which 
the impurity band merges with the valence band (e.g., 
p >, 1.5 X 10’” cme3 [ 221). In previous studies, it is arguable 
that the (e,A) peak does not appear in the PL spectrum of 
heavily doped GaAs. Of course, the lower-energy peak of the 
spectra from other MOCVD-grown samples [ 2,3,5,9] must 
be due to the (e,A) peak. 

The appearance of the (e,A) peak at 300 K dominating the 
low-temperature emission spectrum can be explained as fol- 
lows. Since the carbon acceptors can all be ionized at a light 
doping level, the recombination of photo-created electrons 
through the available acceptor holes can be negligible at this 
doping level. Therefore, recombination though acceptors 
(band-to-acceptor transition) cannot be observed. When the 
number of dopant ions is higher than the number of thermal- 
equilibrium electrons, the acceptors cannot be fully ionized. 
The electrons can be recombined through the unionized 
acceptor holes. Hence, the (e,A) peak is observed at room 
temperature in the heavily doped samples. Fig. 5 illustrates 
this point as the (e,A) peak is clearly seen at p 2 8.4 X 10” 
cme3. In addition, the number of thermally created electrons 
decreases as the temperature is decreased, resulting in the 
increase of unionized acceptors. The probability of transition 

through acceptors is then increased. It is found that the lumi- 
nescence intensity of the (e,A) peak relative to the (B,B) 
peak is enhanced with reduced temperature. 

Fig. 6 illustrates the PL spectra of the Be-doped GaAs 
spectra at four different temperatures. The spectrum is com- 

posed of the (e,A) peak and the (B,B) peak, but these two 
peaks are too close to be differentiated clearly. The Zn-doped 
GaAs has the same trend as the C-doped GaAs, except that 
the peak position was slightly lower than that of the C-doped 
GaAs [ 231. The PL spectra from the Zn-doped GaAs sub- 
strate also show one luminescence peak from low temperature 
to high temperature, which is consistent with the results from 
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Fig. 5. PL spectra at 300 K of the C-doped GaAs with p=2.7 X lo’“, 
8.4 X 10’s and 8.9X lOI cm-‘, respectively. The intensity of PL spectra is 

normalized. 
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Fig. 6. Be-doped GaAs with p = 6 x 10” cm- 3. The (e,A) peak is found at 

20 K, and the (B,B) peak is observed at T> 200 K. The (e,A) peak at the 

low-energy side of the (B,B) peak is not apparent. 

Olego and Cardona [ 121. The (e,A) transition must occur 
for the Zn-doped substrate. However, since these two lumi- 
nescence bands are so close, the luminescence band exhibits 
only one peak, which is similar to the Be-doped sample shown 
in Fig. 6, otherwise the width of the (e,A) peak from the 
substrate is broader than that from the epitaxial layers, such 
as C-doped GaAs. 

The linewidth of the (B,B) peak is broader than that of the 
(e,A) peak. Both peaks become broader as the doping con- 
centration is increased. However, the increasing rate of the 

(B,B) peak linewidth is greater than that of the (e,A) peak 
when the temperature increases. The 300 K spectrum of the 
(B,B) peak has an asymmetric structure with low-energy 

cut-off. As the doping concentration increases, the low- 
energy cut-off properties are destroyed, and a band tail 
extends toward both lower-energy and high-energy sides. The 
extension of the high-energy band tail toward the high-energy 
side is higher than the intrinsic bandgap due to the hot electron 
luminescence [5]. When the band tail is extended to low 
energy and is overlapped with the (e,A) peak, the position 

and the height of the (e,A) peak and the (B,B) peak are not 
precise. Because of these phenomena, it is difficult to identify 

the precise positions of both the (e,A) peak and the (B,B) 
peak. 

Both the (e,A) and (B,B) peaks shifts to low energy as 
the dopant concentration are increased. The peak shift toward 
low energy is due to the bandgap narrowing 17,121. Fig. 7 
demonstrates the ‘bandgap narrowing’ of the heavily C- 
doped GaAs at three different temperatures. Data reported by 
other groups [ 12,131 are also shown in the figure for com- 
parison. Bandgap narrowing is the deviation between the 
intrinsic bandgap and the ‘actual bandgap’. The intrinsic 
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Fig. 7. Band gap shrinkage of the C-doped GaAs. n , Olego [ 121; A, Borghs 

[13];O,Hanna[2]. 

bandgap was calculated from the Varshni equation [ 121: 

5.04 x 10-4T2 
E(T) = 1.519- 

204+T 
(1) 

The intersection between the tangent to the low-energy tail 

of the main emission peak and the background of the PL 

spectrum is equal to the ‘actual bandgap’ of the heavily doped 

materials [ 9 1. This rule is based on the main emission peak 

due to the (B,B) transition. The method has been widely used 

to decide the bandgap of the heavily C-doped GaAs [2,3]. 
However, for heavily C-doped GaAs, as mentioned above, 

the main emission peak is due to the (e,A) peak. Then, the 

method must be modified to suit the C-doped GaAs. 

The energy gap shown in Fig. 7 for C-doped GaAs is the 

energy gap between the conduction band minimum and the 
top of the impurity hand. Then, the ‘bandgap narrowing’ is 

independent of temperature when p> lOI cme3. The elec- 

trical characteristics show that the impurity band merges with 

the valence band at about 10” cmp3 [ 211 from the varying 

temperature resistivities. For heavily doped concentrations 
(p> 1 X lOI cme3), the linewidth of the (B,B) peak 

becomes broader. Its band tail moves toward the forbidden 
band and reaches the top of the (e,A) luminescence band 

edge. In this concentration range, the impurity band tail and 

the valence band tail overlap, but it does not imply that these 
two bands are overlapped. The densities of the hole states 

[23] are not in the same distribution energy for these two 

bands. However, the bandgap energy is the energy between 
the conduction band minimum and the top of the impurity 
band. For p < 1019 cmp3, the relative peak intensity between 

the (e,A) peak and the (B,B) peak depends on temperature. 
Bandgap shrinkages of these samples cannot be quantitatively 
obtained by using the rule which takes the intersection 
between the tangent to the low-energy tail of the main emis- 
sion peak and the background of the PL spectrum as the ‘real 

bandgap’ of heavily doped materials. 
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4. Conclusions 

The (B,B) transition and the (e,A) transition have been 
identified and investigated. The low-temperature domination 
peak is the (e,A) transition instead of the previous identifi- 
cation of the (B,B) peak. This can be observed in the degen- 
erate p-GaAs at 300 and 20 K. Not only does the band tail of 
the (B,B) peak shift toward low energy, but also the (e,A) 
peak. Forp < 1019 cm-3, the bandgap narrowing can be qual- 
itatively obtained. The impurity band merges with the valence 
band at aboutp = 1Or9 cmW3. Thus, the bandgap is the energy 
between the conduction minimum and the top of the valence 
band. 
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