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Deep level defects in n-type GaAs1�xBix having 0 < x < 0.012 and GaAs grown by molecular

beam epitaxy (MBE) at substrate temperatures between 300 and 400 �C have been investigated by

Deep Level Capacitance Spectroscopy. Incorporating Bi suppresses the formation of an electron

trap with activation energy 0.40 eV, thus reducing the total trap concentration in dilute GaAsBi

layers by more than a factor of 20 compared to GaAs grown under the same conditions. We find

that the dominant traps in dilute GaAsBi layers are defect complexes involving AsGa, as expected

for MBE growth at these temperatures. VC 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4798237]

INTRODUCTION

GaAs1�xBix alloys are of interest because of their poten-

tial to improve the properties of conventional III–V semicon-

ductor devices and to extend them to longer infrared

wavelengths.1–3 The bandgap energy of GaAs1�xBix alloys

decreases strongly as the Bi fraction is increased and is pre-

dicted to be zero when the Bi fraction reaches x� 0.35.1 In

addition, the lattice constant increase of GaAs1�xBix is much

smaller than that of InxGa1�xAs at the same bandgap

energy,1 thus considerably reducing constraints related to lat-

tice mismatch strain for GaAs1�xBix/GaAs heterostructures.

Strong photoluminescence4 and electroluminescence from

thin GaAs1�xBix layers located at the center of the i-region

in p-i-n diodes5 were recently reported. Other properties of

this new semiconductor alloy, such as the increased spin-

orbit coupling and the separation of the split-off hole band

that exceeds the bandgap energy when x > 0.09, offer poten-

tial advantages for spintronic devices and long wavelength

lasers, respectively.6,7

Bi is incorporated into undoped GaAs films grown by

molecular beam expitaxy (MBE) only at growth tempera-

tures below about 400 �C.8–10 Infrared absorption measure-

ments of undoped GaAs layers grown by MBE at 400 �C and

325 �C have shown high concentrations, �1018 cm�3, of a

defect complex involving As on a Ga lattice site (AsGa).
11

Temperature dependent Hall effect measurements of similar

un-doped GaAs layers grown at 400 �C revealed a deep do-

nor, which involves AsGa and has an activation energy

0.65 eV below the conduction band, at a concentration of

2� 1017 cm�3.12 The dominant electron trap in Deep Level

Capacitance Spectroscopy (DLTS) spectra of Si-doped

layers grown by MBE at 450 �C also has activation energy

0.65 eV, but the trap concentration is lower, about

3� 1016 cm�3.13 Similarly, the activation energy of the dom-

inant trap in DLTS spectra of p-i-n diodes having intrinsic

regions consisting of both GaAs and GaAsBi (1.4-1.8%Bi)

layers is 0.63 eV.14 In these structures the trap concentrations

were lower, increasing from 1� 1015 cm�3 in the structure

grown at 350 �C to 7� 1015 cm�3 in the structure grown at

310 �C. Taken together, these results suggest that defect con-

centrations, and perhaps also defect species, in MBE layers

grown in the temperature range 300–450 �C depend sensi-

tively on other growth conditions as well, not only on the

growth temperature.

To further investigate defects in dilute GaAsBi alloys,

we have performed DLTS measurements on n-type

GaAs1�xBix layers having 0 � x � 0.011 grown by MBE at

substrate temperature 330 �C and also n-type GaAs layers

grown at 330 �C and 390 �C. The dominant electron trap in

GaAs grown at 330 �C has emission activation energy

0.40 eV and concentration 1018 cm�3. When only 0.3% Bi is

incorporated into GaAs at 330 �C, the formation of the

0.40 eV trap is suppressed completely. Other electron traps,

including one having activation energy 0.65 eV, are present

in both the GaAs and GaAs1�xBix layers and, therefore, orig-

inate from MBE growth at low temperatures.

EXPERIMENT

Epitaxial layer structures for pþ/n diodes (see Fig. 1)

were grown by MBE on Si-doped GaAs (001) substrates for

DLTS measurements. Ga-type effusion cells were used for

Ga and Bi, and an As cracker was used for As2. The n-type

dopant is Si from a solid Si source and the p-type dopant is C

from a CBr4 source. The heavily doped GaAs buffer and cap-

ping layers were grown at standard conditions (substrate

temperature 580 �C, As/Ga atom ratio 6, growth rate 1 lm/h).

To grow the GaAsBi layers, the As/Ga atom ratio and sub-

strate temperature were reduced abruptly to �2 and 330 �C,
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respectively, and a Bi flux, varied to yield different alloy

compositions, was added, while maintaining the growth rate

of 1 lm/h. In this way abrupt GaAs1�xBix/GaAs heterointer-

faces were formed within the heavily doped nþ and pþ con-

tact layers above and below the n-doped GaAsBi layer. The

Bi fraction, shown in Table I, was determined by high reso-

lution x-ray diffraction measurements.1 For comparison,

pure GaAs structures were also grown: one with GaAs grown

under the same conditions as the GaAsBi layers, but with no

Bi flux, and another consisting entirely of GaAs layers grown

under standard conditions. Atomic force microscopy (AFM)

showed that all the samples have smooth surfaces. Although

long straight surface steps that are typically associated with

misfit dislocation glide were detected on the surface of the

0.7% GaAsBi sample, the density was low (3–13 on a

50 lm� 50 lm image) and no strain relaxation of the

GaAsBi layers was detected by XRD. To avoid dislocation

glide at higher lattice mismatch strain, the pþ GaAs cap

layer of the 1.1% GaAsBi sample was grown at 400 �C rather

than at the standard growth temperature and AFM showed

no evidence of dislocation formation.

The pþ/n diodes were fabricated with large area

Ni/AuGe/Au Ohmic contacts on the back side of the

Si-doped substrate and 400 lm-diameter Ti/Pt/Au Ohmic

contacts to the pþ GaAs cap layer that were alloyed at

450 �C for 30 s. The devices were isolated by mesa etching

to a depth below the pþ/n interface, typically about 2 lm. In

addition, 400 lm-diameter Cr/Au Schottky contacts were

deposited on a Si-doped GaAs layer grown at 390 �C with an

As/Ga atom ratio of 3 on a heavily n-doped GaAs buffer

layer grown at standard conditions on an n-type GaAs sub-

strate. For this sample a large area Cr/Au film served as a

low resistance tunnel contact on the back side of the Si-

doped GaAs substrate.

The net donor concentration in the n-doped layer was

determined from capacitance-voltage (C–V) measurements.

From the principle of detailed balance, an electron is ther-

mally emitted from a deep level to the bottom of the conduc-

tion band at a rate given by

en ¼ rnvnNcexpð�EA=kTÞ; (1)

where the thermal emission activation energy is EA ¼ EC

– ET, rn is the electron capture cross section, vn is the elec-

tron thermal velocity, and NC is the conduction band density

of states. In the DLTS measurement, the diode is reverse bi-

ased at VR and short trap filling pulses at voltage VP are

applied repeatedly as the sample temperature is scanned.

Electron (or hole) emission from energy levels in the deple-

tion region is detected as a capacitance transient following

each filling pulse. A peak in the DLTS signal is observed,

when the thermal emission rate is equal to the rate window

set on the spectrometer. The thermal emission activation

energy and capture cross section for each deep level defect

were determined in the usual way from the slope and inter-

cept of Arrhenius plots of T2/en vs. 1000/T, where T is the

temperature of the DLTS peak and en is the spectrometer

rate window. The trap concentration, NT, was calculated

from the magnitude of the DLTS peak, DC, with the relation

NT ¼ 6Nd

���� DC

CðVRÞ

���� W2ðVRÞ�
WðVRÞ � k

�2

�
�

WðVpÞ � k
�2

8><
>:

9>=
>;;

(2)

where Nd is the net donor concentration, C(VR) is the capaci-

tance at reverse bias, C(VP) is the capacitance at the trap fill-

ing voltage, and W is the depletion width. These parameters

were determined from C–V measurements at the temperature

of the DLTS peak.

k ¼ 2e
e2Nd

ðEF � ETÞ
� �1

2;=

(3)

is the distance within the depletion region, where the traps

do not emit electrons because the trap energy level (ET) lies

below the Fermi energy (EF), as shown in Fig. 2. When the

reverse bias leakage current is relatively large, especially at

the higher temperatures of the DLTS scan, requiring meas-

urements to be made with a small value of VR, the term in

FIG. 1. Diagram showing the layer structure of asymmetric pþ/n diodes for

DLTS measurements of n-type GaAs1�xBix layers. The arrows indicate

where substrate temperature changes were made to achieve abrupt heteroin-

terfaces between the GaAs and GaAsBi layers.

TABLE I. Growth temperature, Bi fraction, As/Ga atom ratio, growth rate,

and net donor concentration of the n-type layer in samples prepared for

DLTS measurements. All devices are asymmetric pþ/n junction diodes

except for the GaAs Schottky diode grown at 390 �C. The doping concentra-

tion is from capacitance-voltage measurements at 300 K.

Growth Temp. (�C) % Bi As/Ga atom ratio Nd-Na (cm�3)

580 0 6 9� 1016

390a 0 3 3� 1016

330 0 1.7 2� 1017

330 0.3 1.9 6� 1016

330 0.7 1.7 4� 1016

330 1.1 2.0 5� 1016

aSi dopant source was SiBr4.

133708-2 Mooney et al. J. Appl. Phys. 113, 133708 (2013)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  142.104.83.231 On: Wed, 20 Apr 2016

18:45:00



brackets in Eq. (2) can be as large as �10 for mid-gap traps.

The factor of 6 in Eq. (2) comes from the relationship

between the amplitude of the capacitance transient immedi-

ately following the filling pulse and the DLTS peak ampli-

tude with our SULA Technologies spectrometer. A general

calculation for the latter can be found in Ref. 15.

RESULTS AND DISCUSSION

DLTS spectra for three Si-doped GaAs samples grown

at different temperatures are shown in Fig. 3. The concentra-

tions of three traps with properties similar to the M1, M3,

and M4 traps, typically seen in GaAs grown at standard con-

ditions,16 are �4� 1013 cm�3. However, when the growth

temperature is reduced to 390 �C, trap concentrations

become significant, as high as 1016 cm�3, as shown in Table

II. The DLTS spectrum for the GaAs layer grown at 330 �C
shows that the DLTS peak of the 0.40 eV trap (trap C0)
increased by more than a factor of 10, when the growth tem-

perature was reduced from 390 �C. Consistent with this very

large DLTS peak, the diode capacitance increases strongly

with increasing temperature for T > 250 K. The net donor

concentration calculated from C–V curves, increases as well

and is �1018 cm�3 at 400 K. Above �300 K, the emission

rate of electrons in the C0 traps can follow the 1 MHz test sig-

nal and contribute to the capacitance measurement.17

Therefore, the concentration of the 0.40 eV trap must be

�1018 cm�3. The presence of such a high concentration of

deep donor states modifies the calculation of the trap D con-

centration as discussed in the Appendix. Because the reverse

bias leakage current increased at higher temperatures, meas-

urements could not be made in the temperature range, where

trap E would be detected. Trap C with activation energy

0.57 eV was not detected in this sample presumably because

this DLTS peak is overwhelmed by the strong peak of the

0.40 trap. Both the different growth temperatures and differ-

ent V/III atom ratios may contribute to the differences in the

DLTS spectra of these three samples.

DLTS spectra for several GaAs1�xBix samples are

shown in Fig. 4 together with the spectrum for the GaAs

sample grown at 390 �C. It is immediately obvious that

incorporating Bi suppresses the formation of trap C0 in the

0.3% and 0.7% Bi samples, thus reducing deep level defect

concentrations in GaAsBi layers grown at 330 �C by more

than an order of magnitude to values in the mid 1016 cm�3

range. Due to the strong tendency for Bi to surface segregate,

growth of GaAsBi alloys typically involves a Bi surface

layer or surfactant layer. The direct quantitative measure-

ment of trap concentrations in samples grown at the same

temperature shows clearly that the use of a Bi surfactant

layer and/or incorporating small amounts of Bi significantly

improves the crystal quality, thus confirming earlier indica-

tions from RHEED oscillations monitored during MBE

growth1,18 and photoluminescence measurements.4,5,19 Hole

trap concentrations in the 1015 cm�3 range were previously

reported in p-type GaAsBi Schottky diodes having 1.2 and

3.4% Bi (comparable to p-type GaAs grown at 560 �C), and

it was suggested that this low trap concentration results from

incorporating Bi.20 However, to our knowledge no direct

comparison of p-type GaAsBi with p-type GaAs grown at

the same temperature has yet been done.

The best way to compare DLTS results for different

samples is to compare their Arrhenius plots or “DLTS sig-

natures,”21 as is done in Fig. 5. We see that the Arrhenious

plots are tightly clustered indicating that, with the exception

of trap A0, the traps detected in the GaAsBi layers have emis-

sion rates similar to traps in GaAs grown at low tempera-

tures. Therefore, these defects are unlikely to involve Bi, but

instead are a result of the low growth temperature. Traps A,

D, and E have the same activation energy, within the mea-

surement error, in all the samples. However, the activation

energies for traps C, C0, and B shift toward lower energy as

the Bi fraction is increased (see Table II). This energy shift

may be due to the lattice mismatch strain in the GaAaBi

layers or to local strain due to the presence of Bi near

FIG. 2. Band diagram of an n-type Schottky diode at zero applied voltage

with the conduction band energy, EC, the donor energy, ED, the Fermi

energy, EF, and a trap energy, ET, indicated. W is the depletion width and k
indicates the distance from the edge of the depletion region to the point,

where ET ¼ EF. Traps within the distance k of the depletion edge at reverse

bias do not contribute to the DLTS signal.

FIG. 3. DLTS spectra for n-type GaAs layers grown at three different sub-

strate temperatures as indicated. The emission rate is 1163 s�1. The trap fill-

ing pulse was 0.5 V forward bias for 2 ms. The steady state reverse bias

voltage was 0.5 V for the layers grown at 580 �C and 390 �C and 0.2 V for

the layer grown at 330 �C.
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neighbors and this effect requires further investigation. We

note that trap D was also the dominant trap in previously

reported DLTS spectra from p-i-n diodes that have i-regions

consisting of both GaAs and GaAsBi layers grown either at

350 �C (1.4%Bi) or at 310 �C (1.8%Bi).14

In contrast, trap A0 having activation energy 0.12 eV

was detected in the sample having 0.7% Bi, but not in the

sample having 0.3% Bi or in GaAs. Unfortunately, the negli-

gible DLTS signal below �200 K from the sample with

1.1% Bi is not indicative of the absence of defects. Due to

carrier freeze-out, the depletion region extends beyond the

thickness of the n-doped layer at these temperatures, indicat-

ing that there must be compensating acceptors in this sample.

Spectra for pþ/n diodes taken using a filling pulse at larger

forward bias show no evidence of hole trapping. The excep-

tion is the 1.1% GaAsBi sample for which a hole trap with

activation energy 1.0 eV in concentration of only 2� 1015

cm�3 was detected. This suggests that the energy levels of

the compensating acceptors must lie close to the valence

band edge.

We now discuss possible atomic configurations of some

of these traps with reference to previous work. High quality

n-type GaAs layers grown by MBE at temperatures of

550–650 �C typically have defect concentrations in the 1012

TABLE II. Electron trap parameters from DLTS measurements. Parameters are averages of the values measured for several diodes on each sample. The error

in the activation energy is typically 60.02 eV and about an order of magnitude for the capture cross section.

Electron trap

Sample Parameter A0 A B C0 C D E

GaAs EA (eV) 0.14 . . . 0.39 0.57 0.64 0.81

390 �C r (cm2) 2� 10�16 . . . 8� 10�14 5� 10�12 1� 10�14 1� 10�13

NT (cm�3) 4� 1014 2� 1014 2� 1015 4� 1015 1� 1016 4� 1015

GaAs EA (eV) 0.16 0.41 a . . . b

330 �C r (cm2) 4� 10�16 2� 10�14

NT (cm�3) 4� 1015 1� 1018 4� 1016

GaAsBi EA (eV) 0.16 0.26 0.47 0.65 0.79

0.3% r (cm2) 5� 10�16 6� 10�16 5� 10�14 2� 10�14 2� 10�13

330 �C NT (cm�3) 2� 1015 2� 1015 1� 1016 4� 1016 3� 1016

GaAsBi EA (eV) 0.12 0.17 0.20 0.40 0.67 0.81

0.7% r (cm2) 2� 10�16 1� 10�15 3� 10�17 4� 10�15 5� 10�14 2� 10�13

330 �C NT (cm�3) 8� 1015 4� 1015 3� 1015 2� 1016 5� 1016 7� 1015

GaAsBi EA (eV) c c c 0.32 0.37 0.67

1.1% r (cm2) 2� 10�15 2� 10�15 1� 10�13

330 �C NT (cm�3) 3� 1015 1� 1016 5� 1016

aNot detected due to the very large signal from trap C0.
bNot measured due to high reverse bias leakage current above 400 K.
cNo DLTS signal due to carrier freeze-out making the depletion region larger than the n-doped layer at T � 200 K.

FIG. 4. DLTS spectra for three GaAsBi layers grown at 330 �C having the

Bi fraction indicated and the n-type GaAs layer grown at 390 �C. The emis-

sion rate is 1163 s�1. The trap filling pulse was 0.5 V forward bias for 2 ms.

The steady state reverse bias voltage was 0.5 V for the GaAs layer. For the

GaAsBi layers it was 2.5 V for 0.3%, 0.5 V for 0.7%, and 1.0 V for 1.1%.

FIG. 5. Arrhenius plots comparing emission rates of traps in the GaAs

sample grown at 390 �C and the three GaAsBi samples.
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or 1013 cm�3 range.16 However, at lower growth tempera-

tures, the residence time of As adatoms on the surface

increases, creating an As-rich surface, and surface atom mo-

bility decreases as well. Thus, the concentrations of As anti-

site (AsGa) defects are expected to be higher in GaAs layers

grown at lower temperatures.

Trap E, for which the temperature of the DLTS peak

was determined by fitting the spectra with a double Gaussian

curve, has the same activation energy (0.80 eV) and capture

cross section as the well-known EL2 trap,21 a defect consist-

ing of AsGa with an As interstitial (Asi) neighbor.22 The trap

concentration decreases from 3� 1016 cm�3 in the GaAsBi

0.3% Bi layer to 5� 1015 cm�3 in the 0.7% Bi layer. It was

not detected in the layer having 1.1% Bi.

Trap D, the dominant trap in the GaAs layer grown at

390 �C and in the GaAsBi samples with activation energy

0.65 eV, has emission energy, capture cross section, and con-

centration similar to a trap observed previously in GaAs

layers grown by MBE at 450 �C.13 The trap concentration is

the same within the measurement error in all our samples

grown at 330 �C. Since Ga vacancies, VGa, are also more

likely in samples grown under As-rich conditions, this defect

was suggested to be a complex consisting of both AsGa and

VGa.
12

Trap A is similar to trap M1 observed in GaAs grown at

standard temperatures.16 The concentration is 2-4� 1015

cm�3 in the three GaAs and GaAsBi layers grown at 330 �C
and is an order of magnitude lower in the GaAs layer grown

at 390 �C. It is a further order of magnitude lower in the

GaAs layer grown at standard conditions. Because the con-

centration of M1 was found to be strongly dependent on the

growth temperature in the range 550–650 �C, it was sug-

gested it is a defect complex consisting of a native defect

and an impurity.23

Trap A0, with activation energy 0.12 eV, was observed

only in the GaAsBi sample having 0.7% Bi. Since this trap is

not observed in the GaAs layers or the GaAsBi layer having

a lower Bi fraction, this defect may involve Bi as a constitu-

ent. We note that a bismuth antisite (BiGa) defect was

observed in Bi-doped Czochralski-grown GaAs by electron

spin resonance to have the 0/þ level at 0.35-0.5 eV below

the conduction band.24

Trap C0 is especially interesting because of its very high

concentration in the GaAs layer grown under the same con-

dition as the GaAsBi layers and its absence in the two

GaAsBi layers having the lowest Bi fraction. As shown in

Fig. 5, a trap having a similar emission rate appears in the

1.1% Bi GaAsBi layer. The concentration of trap C0

increased dramatically in concentration from 2� 1015 cm�3

in GaAs grown at 390 �C with a As/Ga atom ratio of 3 to

1� 1018 cm�3 in GaAs grown at 330 �C with As/Ga atom ra-

tio of 1.7. To our knowledge this trap has not been observed

previously in GaAs layers grown by MBE at these tempera-

tures. The presence of this trap in GaAs must depend sensi-

tively on the growth temperature and possibly also on the

V/III atom ratio and As source.

We note that the layers grown at 330 �C were subse-

quently annealed for �30 min. during the growth of the pþ
GaAs cap layer of the pþ/n junction diode structures. The

GaAs layer and the 0.3% and 0.7% GaAsBi layers were

annealed at 580 �C but the 1.1% GaAsBi layer was annealed

at only 400 �C. The M1 defect (trap A) is found in GaAs

grown at standard temperatures and is therefore stable at

these annealing temperatures. Trap E (EL2) is destroyed by

rapid quenching of GaAs from 950 �C, but it is stable at

lower temperatures.25 The thermal stability of the other elec-

trons traps in not known. However, since traps C0, C, and D

are observed in the GaAs and GaAsBi layers grown at

330 �C, and subsequently, annealed at 580 �C, these traps

appear to be stable at this temperature. A systematic anneal-

ing study of GaAsBi layers in this alloy composition range

has not been published. An annealing study including DLTS

together with optical and structural measurements would be

desirable.

CONCLUSION

We have investigated n-type GaAs and dilute GaAsBi

layers grown by MBE at temperatures below 400 �C. DLTS

spectra show that incorporating <1% Bi suppresses the for-

mation of an electron trap with activation energy 0.40 eV,

thus reducing the total trap concentration in dilute GaAsBi

layers by more than a factor of 20. Otherwise, we find the

same traps in these dilute GaAsBi layers as in GaAs grown

at the same temperature. For example, the dominant traps are

defect complexes involving AsGa, as expected for MBE

growth at these temperatures. Trap concentrations in GaAs

grown by MBE at these temperatures depend sensitively on

the growth conditions suggesting that trap concentrations in

GaAsBi may be reduced by optimizing the growth

parameters.
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APPENDIX

Here, we modify Eqs. (2) and (3) for the case of a deep

level in a semiconductor with two donor levels. These modifi-

cations are needed to calculate the concentration of the D trap

level from the DLTS spectrum of the GaAs sample grown at

330 �C. The apparent doping concentration, obtained from the

C-V curves measured at the temperature, where the D trap sig-

nal is observed in Figure 3, can be interpreted as the total den-

sity of the Si dopant atoms and the C0 trap centers. The latter

are thus donors having a concentration of 1018 cm�3 (see

Table II), i.e., a factor 10 larger than the nominal Si dopant

concentration of about 1017 cm�3, shown in Table I.

Therefore, the calculation of the D trap density in the 330 �C
GaAs sample requires that both the shallow donor concentra-

tion at the Si level (ED ¼ EC – 5 meV) and the deep donor

density at the C0 trap level (EC0 ¼ EC – 0.41 eV) are taken into

account in Eqs. (2) and (3).

When two donor levels respond to the capacitance-

measurement test signal, the depletion width, W, obtained

from the reciprocal of the capacitance C (here, C is the
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capacitance per unit area), W ¼ e/C, is the average of the

depletion widths of the two donor levels.17 Specifically

W ¼ N1W1 þ N2W2

N1 þ N2

; (A1)

where W1 and W2 are the depletion widths for the shallow

and deep donor levels (see Figure 2) having concentrations

N1 and N2, respectively. This result is valid for a Schottky

diode or a one-sided abrupt junction diode for which the

depletion width on the heavily doped side is negligible.26

By substituting W2 ¼ W1 – k(C0) in Eq. (A1), where k(C0)
¼ 70 nm is obtained from Eq. (3) with Nd ¼ N1 ¼ 1017 cm�3,

ET ¼ EC0 and EF ¼ EC – 60 meV is the Fermi energy in the

bulk semiconductor with N2 ¼ 1018 cm�3, we can calculate

W1 and W2 as functions of W. In this case, Eq. (3) cannot be

applied to calculate k(D) because it neglects the space charge

N2 at the ionized C0 donor level, as explained above.

The value of k(D) can be obtained as the value of the

depletion width W2, when EF ¼ EC–ET ¼ 0.64 eV at the

junction. Specifically, we can write

EF � ET ¼
e2

2e
� fN1 � ½kðC0Þ þ kðDÞ�2 þ N2 � kðDÞ2g;

(A2)

where we have set W2 ¼ k(D) and W1 ¼ k(D) þ k(C0). It

then follows that:

kðDÞ ¼
�N1 � kðC0 Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N1

2 � kðC0 Þ2 � ðN1 þ N2Þ � ½N1 � kðC0 Þ2 � ð2e=e2Þ � ðEF � ETÞ�
q

N1 þ N2

: (A3)

Equation (A3) replaces Eq. (3) for the case of the D trap

level. Specifically, for EF ¼ EC – 60 meV and for the D trap

energy ET ¼ EC – 0.64 eV, we obtain k(D) ¼ 11.5 nm.

Therefore, the potential drop across the charge trapped at the

D center, which appears in the denominator of Eq. (2), is

proportional to W2 – k(D), at all biases.

The numerator of Eq. (2) is proportional to the potential

drop across the space charge at the ionized donors. In the

case of two donor levels, as for the 330 �C GaAs sample, Eq.

(2) can thus be written as

NTðDÞ¼ 6

���� DC

CðVRÞ

����N1�½kðC
0 ÞþW2ðVRÞ�2þN2�W2ðVRÞ2

½W2ðVRÞ�kðDÞ�2�½W2ðVPÞ�kðDÞ�2
;

(A4)

which yields NT(D) ¼ 4.4� 1016 cm�3 for the 330 �C GaAs

sample. In this diode, the pþ doping level of 3� 1018 cm�3

is only three times larger than the total donor density on the

n side of the junction. Therefore, the error in the trap concen-

tration is about 25%.
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