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Abstract-The ionization rates in AI,Ga,_,As have been measured in a temperature range from 77°K 
to 373°K for samples with various Al content. The results showed that the ionization rates decrease 
with both the Al content and temperature at a given electric field. A deviation from exp(l/E’) field 
dependence is observed for the sample with the highest Al content at lower temperatures. By fitting 
the data into the modified Baraff’s plot, A, the optical phonon mean free path was determined at four 
different temperatures. Assuming A = A, tanh (+/2kT), A,, the high-energy low-temperature asymp- 
totic limit of the mean free path was evaluated. The temperature dependence of Aand the compositional 
dependence of A, are discussed. 

ResumC-Les taux d’ionisation dans le AI,Ga,_,As ont et6 mesu& dans une gamme de temptra- 
tures de 77°K & 373°K pour des Cchantillons de teneur en Al variable. Les tisultats ont montr6 que 
les taux d’ionisation dCcroissent avec la teneur en Al et avec la temptrature 2 un champ Clectrique 
don& Une dtviation de la dCpendance de champ exp (I/E2) est observCe pour I’Cchantillon ayant 
la teneur en Al la plus ClevCe ?+ basse tempkrature. En pla$ant les donnCes dans la tote modifiCe 
de Baraff. A, le parcours libre moyen du phonon optique a CtC dktermint & quatre temptratures 
diffkrentes. En supposant A = A, tanh (+2kT), A,, la limite asymptotique de haute Cnergie et basse 
tempkrature de parcours libre moyen a 6% CvaluCe. La dipendance de A sur la temptrature et la 
dtpendance compositionelle de A, sont discutCes. 

Zusammenfassung-Die Ionisationsraten in Al,Ga,_,As wurden im Bereich von 77 K bis 373 K 
fiir Proben mit unterschiedlichem Al-Gehalt bestimmt. Das Ergebnis zeigt, dall die Ionisationsraten 
bei konstantem elektrischen Feld sowohl mit zunehmender Al-Konzentration als such mit der 
Temperatur abnehmen. 

Proben mit dem hijchsten Al-Gehalt zeigen bei niedrigen Temperaturen eine Abweichung von der 
Feldabhtingigkeit nach exp (l//?). Durch Anpassen einer modifizierten Baraff-Auftragung an die 
Ergebnisse wird die mittlere freie Wegliinge A optischer Phononen bei vier Temperaturwerten ermit- 
telt. Unter der Annahme eines Gesetzes A = A, tanh (~,/2kT) wurde A,,, als Grenzwert flir den Fall 
hoher Energie und niedriger Temperatur bestimmt. Die TemperaturabhHngigkeit von A und die 
Abhlngigkeit des A, von der Kristallzusammensetzung werden diskutiert. 

1. INTRODUCTION 

AVALANCHE multiplication for electrons and holes 
in semiconductors have been studied by many 
investigators. The secondary ionization rates for 
electrons and holes have been measured by Miller 
in Ge[l], Lee et al. in Si[2], Logan and White in 
GaP[31 and Logan and Sze in Ge and GaAs[4]. 
The experimental results have been satisfactorily 
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explained by Baraff’s theory[5,6]. The tempera- 
ture dependence of the ionization rates in Si and 
Ge was studied by Crowell and Sze[7]. They 
considered both the generation and absorption of 
optical phonons. A similar study has also been 
made in GaAs by Chang and Sze[8]. Recently 
the compositional dependence of the ionization 
rates in the mixed III-V compound, Al,Ga,_,As, 
was reported by Shabde and Yeh [9]. The tempera- 
ture dependence of the ionization rates in this 
material are presented here. 
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School of Graduate Studies at The University of Michigan. p-n junction diodes of Al,Ga,_,As with various 
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amounts of Al content were supplied by the RCA 
Laboratories. The diodes were mounted in varactor- 
diode packages. The diodes were selected on the 
basis of their C-V and breakdown characteristics 
at room temperature. All the selected diodes 
showed a log C vs. log V plot which was a straight 
line having a slope of -4. indicating that the junc- 

tion is abrupt. The junction width is of the order of 
1 Oe5 cm. These diodes were further examined for 
their breakdown characteristics. Those with clear 
and sharp breakdown characteristics. which 
indicated that the microplasma formation was 
minimum. were selected. The breakdown voltages 
of these diodes are also consistent and are within 
kO.1 V with that calculated from the doping 
densities. The area of the diodes was kept small; 
typically, 5 X 5 mil square in order to reduce the 
probability of microplasma formation. Photo- 
response and C-I/ measurements were made for 
the diodes over a temperature range from 77°K 
(liquid nitrogen) to 373°K (boiling water) with 
intermediate temperatures at 200°K (alcohol in 
dry ice) and 300°K (room temperature), respec- 
tively. To facilitate the measurement at various 
temperatures. the diode was mounted on the top 
end of a heavy copper rod, 1 in. in diameter and 
10 in. long. The rod was immersed in a thermal 
flask which was filled with the appropriate.coolant. 
A thermocouple attached directly to the diode 
holder was used to measure the device tempera- 
ture. The top end of the rod. including the diode. 
was enclosed in a glass cup into which dry nitrogen 
gas was kept flowing to avoid moisture condensa- 
tion. The diode junction was exposed to a chopped 
light source and the photoresponse of the diode 
was measured by a wave analyzer whose output 
was plotted as a function of the reverse bias 
voltage on an x-y recorder. 

where A and b are constants and E,,, is the maximum 
electric field at the junction. 

It was observed that the straight-line relation- 
ship between a(E) and l/E,,” holds true for all 
samples at all temperatures with the exception of 
the sample with the highest Al content (12 per 
cent). The data for this sample are plotted in Fig. I. 
The deviation from a straight line increases with 
decreasing temperature and is particularly notice- 
able at 100°K. This point will be discussed further 
in a later paragraph. 

Data for all the samples were plotted to fit the 
appropriate Baraff curve. The three material 
parameters used to fit the ionization rate data are 
the ionization energy ei. the optical phonon energy 
Ed and the carrier mean free path for optical 
phonon generation A. To account for the effect of 
both the optical phonon generation and absorption. 
rather than generation alone. the average energy 
lost per collision (E,) was used instead of E,. 
(E,.) was calculated by the following expression [ I I ] 

(Ed) = E, tanh(e,./2/\T). (2) 

The value of E,. for GaAs at room temperature was 
used in this equation. To avoid the need for a 
theoretical determination of the energy threshold 
the practice of Logan et al. [IO] and others has been 
adopted to determine both l i and the mean free 
path A from a fit of Baraff’s theory. A typical plot 
of the Baraff curves for one sample of AI,Ga,_,As 
at various temperatures is shown in Fig. 2. in which 
cub is plotted as a function of eJeEA. The results 
of the curve fitting are summarized in Table 1. It is 
found that h decreases with increasing Al content 
and increasing temperature. In the table l i is given 
in terms of (e,.)/t, for best fitting. The parameter 
A,,, the low-temperature limiting value of the mean 
free path, was also evaluated and tabulated along 
with A. A and A,, are related by the expression[l I] 

3. RESULTS AND DISCUSSIONS 

Data were processed to obtain the multiplication A = A,, tanh(tJ2liT). (3) 
factor M from which the ionization rate N was 
computed [ IO]. Ionization rates for electrons and Calculated values of A,, remain practically constant 
holes are assumed equal[4]. A plot of cy vs. I/E,,,” with temperature as is expected. A,, thus can be 
on semilogarithmic paper resulted in straight lines considered as a material constant for the sample. 
indicating the ionization coefficient to be of the The fact that AtI decreases with increasing Al 
form content but is independent of temperature, suggests 

that the mechanism responsible for this change is 

a=Aexp[--(&)P] (, ) presumably related to the electron-optical phonon 
Interaction. 
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Fig. 1. Ionization Rate 01 as a function of i/E,’ for AI,Ga,_,As (x = 0.12) 
at various temperatures. 

The deviation from a straight line in the (Y vs. 
l/E,,,’ plots for the sample with the high Al content 
will now be discussed. The straight-line relation- 
ship implies that the electric field within the 
junction is high enough to be in the range of 

Wolff’s high-field approximation [ 121. Chynoweth 
[13] gave a criterion for the validity of Wolff’s 
high-field theory as 

eEh 
- 2 3. 

E, 
(4) 

Considering both the optical phonon generation 
and absorption, i.e., using (E,.) in place of l r, the 
condition becomes 

rEX, 2 3. (5) 
er 

The electric field at which the ionization rate 
becomes measurable decreases with decreasing 
temperature. Also, as observed in this work, ho 
decreases with increasing Al concentration. Thus, 
the above criterion for Wolff’s theory is most likely 
to be violated for the sample with the highest Al 
content at the lowest temperature. As seen in Fig. 
I, for the sample with 12 per cent Al, a deviation 

from Wolff’s theory occurs in data obtained with 
T < 200°K. Table 2 shows the quantity eEh,/c,- 

evaluated at the lowest electric field at each 
temperature for different Al concentrations. It 
appears that all of these quantities satisfy the 
criterion expressed in equation 5, including the 
lowest ratio of 3.3 for 12 per cent Al at 100°K. 
However, the assumption that E, = 0.036eV (the 
value for pure GaAs) and remains unchanged for 
all Al content may not be exactly true for high Al 
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Fig. 2. Baraff plot for AI,Ga,_,As (x = 0.01) at various temperatures. 

Table 2. Ratio of eEA,J+ for the lowest elec- 
tric field of the samples with different Al 

content at various temperatures. 

eEh,le, 

AI(R) 100°K 200°K 300°K 373°K 

I 4.5 6.2 5.1 6.5 
3.5 4.2 5.1 4.7 6.0 
5 5.1 5.1 6.6 
12 3.2 4.0 4.3 6.4 

content. An increase in E, of about 10 per cent will 
shift the lowest value of eEh,/e, below three. In a 
recent paper, Ilgems and Pearson[l4] studied the 
infrared lattice-vibration spectra of AI,Ga,_,As 
mixed crystals as a function of the composition. 
Their results show an increase in the frequency of 
the AlAs-like mode with increasing Al content. 
This finding suggests the possibility that E,, the 
average energy loss in the electron-optical phonon 
scattering, might increase with increasing Al 
content. 
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