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Abstract

Pseudomorphically grown p-type Si/SiGe double barrier resonant tunneling diodes have been investigated. The main resonances are

shown to be due to tunneling through heavy and light hole states in the well. However, temperature activated resonances and resonances

arising in a B-®eld perpendicular to the current show the importance of the complicated emitter structure and its energy spectrum. q 2000

Elsevier Science S.A. All rights reserved.
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1. Introduction

Resonant tunneling devices (RTD) have attracted much

attention over the years for their potential for fast devices

[1] and, recently, as one of the constituent parts in the quan-

tum cascade laser [2]. Due to the relatively large valence

band offset in SiGe relative to Si, it is possible to realize

RTD in the group IV material system. This was ®rst demon-

strated by Liu et al. [3] and by Rhee et al. [4] in 1988. It is

possible to use either strained SiGe on a Si-substrate or

strained Si on relaxed SiGe buffer layers. The ®rst structure

is limited to the critical thickness because of the strain, but

the crystal perfection is not disturbed by dislocation forma-

tion. The ¯exibility in strain adjustment offers the possibi-

lity to study the physics of vertical hole transport in

heterostructures. Earlier studies have focused on the role

of the mixed heavy and light hole states in the well. Here

we show that the emitter structure, which is rather complex

in the pseudomorphic RTD due to the strain and accompa-

nying thickness limitations, can have signi®cant in¯uence

on the tunneling characteristics.

2. Experimental details

Double-barrier RTDs were grown pseudomorphically on

heavily p-doped substrates using a Balzers UMS-500 mole-

cular beam epitaxy (MBE), equipped with two e-gun

evaporators for silicon and germanium and a boron effusion

cell. A typical layer sequence is shown in Fig. 1, together

with a TEM-micrograph. A diode with symmetric spacer

layer design consists typically of 50 AÊ barriers, a 50 AÊ

well, 100 AÊ SiGe undoped spacers with constant Ge content

on both sides, and SiGe ramps, ramping the Ge content from

5 to 26% on the substrate side and vice versa on the top side,

of 150 AÊ , of which the inner 75 AÊ are also undoped. The Ge-

content of the well and spacers is estimated to be 26%,

deduced from separately grown SiGe superlattices and X-

ray diffraction rocking curves. The Si-buffer and the cap

layer are doped with boron at 2 £ 1018 cm23.

The growth temperature was varied between 250 and

6008C. All samples grown in this temperature range show

resonances in the I±V or in the dI/dV characteristic. The best

peak-to-valley ratio, <2 (taken at 4.2 K), was obtained at a

growth temperature of 4808C.

The samples were processed by de®ning the mesa via

photolithography, Al evaporation, lift-off, plasma etching

and backside metallization. A short anneal was done for

10 s at 3508C. The size of the diodes ranged from 50 £ 50

to 100 £ 100 mm2. The electrical characterization of the

diodes was done at temperatures of 4±150 K using standard

lock-in techniques.

3. Results and discussion

The valence band offset in our structures was estimated to

be 230 meV for the heavy holes, calculated from data of [5].

The light hole band lies 50 meV above the heavy hole band

due to strain splitting [6] and the two potentials lead to a
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series of heavy hole (HH) and light hole (LH) quasi-bound

states in the quantum well.

The resonances seen in the I±V characteristics (see Fig. 2)

are attributed to resonant tunneling from the populated

states in the emitter through the different states in the quan-

tum well. The measured peak positions of a series of

samples with varying well widths from 22 to 92 AÊ are

shown in Fig. 3. There is a clear con®nement shift as a

function of the well width. The values are compared with

calculated resonance voltages (solid lines) using a simple

model of a particle in a box (m* , 0:19) plus a lever arm

factor �,4:2) for the potential drop in the collector region

[7]. It is assumed that the whole undoped part of the collec-

tor is depleted, and the potential drop across the heterostruc-

ture is linear. This assumption agrees well with self-

consistent calculations using a Poisson solver. In view of

the simplicity of the model, there is a very good correlation

between the experimental and calculated resonances, espe-

cially for the ®rst heavy hole level (HH1). The discrepancy

is somewhat larger for the higher lying states. This may be

due to ignoring the potential drop across the quantum well,

as well as a small series contact resistance, the in¯uence of

which increases with the conductance of the diode. Levels

may also come down due to leakage through the barriers

which increases with increasing energy of the state. Or the

lever arm may change due to depletion in the collector.

Though these results agree well with the simple model

outlined above, a closer inspection of the temperature

dependence as well as the magnetotunneling characteristics

reveals that the energy spectrum in the emitter also has to be

taken into account. The temperature dependence was inves-

tigated in detail for a selection of these diodes, using a cold

®nger cryostat with temperatures of 20±120 K. For these

samples the negative differential resistance (NDR) disap-

pears above 50 K. The resonances weaken with increasing

temperature. The strongest one, the ®rst light hole level, can

be seen in the derivative up to 120 K.

In contrast to this general behavior, a different peak, not

detected at the lowest temperatures, develops on the low

bias side of the HH1 as the temperature is increased above

ca. 20 K. It can be seen in different samples and lies 30±50

mV (corresponding to 10±15 meV) below the HH1, (see

Fig. 4). Matutinovic-Krstelj et al. [8], have reported a some-

what similar resonance that appears below the ®rst reso-

nance at high temperatures in an n-type Si/SiGe RTD.

In order to analyze the behavior of the two resonances,

after removing the exponential non-resonant current back-

ground, they have been ®tted with two Gaussian peaks. The

height of the activated resonance can be Arrhenius plotted,

yielding an activation energy of <2 meV.

The fact that the temperature activated resonance occurs

at lower voltages than the ®rst resonance excludes any

phonon emission related resonance, but in view of the

energy level spacing in the SiGe quantum well a possible
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Fig. 1. (a) A TEM picture of a cross-section of one of a RTD with asym-

metric spacer layers. (b) The layer sequence for a asymmetric RTD and the

valence band edge calculated self-consistently for a bias of 130 mV, includ-

ing heavy hole states only.

Fig. 2. I±V curve of a typical symmetric RTD at 4 K. The low voltage region

is enlarged by a factor of 100 to show the HH1 peak.

Fig. 3. Con®nement shift vs. well width for a series of RTDs; dots indicate

the measured resonance-positions and the solid lines the calculated values.



path could be the absorption of an optical phonon and

tunneling through the LH1 state, situated ca. 60 meV

above the temperature activated resonance. However, the

observed temperature dependence contradicts such a path

and predicts a state much closer to the Fermi-level. A possi-

ble tunneling path may be from exited levels in the emitter

through the HH1 quantum well state. As can be seen in Fig.

1, the potential of the spacer layer is quite irregular. In fact,

the self-consistent calculation shows that it can form a shal-

low but 20 nm wide quantum well due to the Ge onset, the

end of the doping and a triangular shaped potential drop due

to the applied bias. We estimate a Fermi-energy of EF < 11

meV above the valence band edge in the silicon layers,

taking into account the anisotropic light and heavy hole

effective masses. Calculations show two energy levels in

the emitter well below EF, and a third level a few meV

above EF, which can be populated by thermally exited

holes. This level is severely broadened. However, the result-

ing modulation of the density of states may still be suf®cient

to explain the temperature activated resonance, as veri®ed

by model calculations of the current.

The onset of the HH1 resonance (see Fig. 4; this is seen at

0.08 V at 19 K) appears when the Fermi level reaches the

quantum well state. Assuming that the temperature acti-

vated resonance is due to holes, tunneling from an emitter

state above the Fermi energy into a sharp HH1 state, this

resonance would appear at lower voltages than the HH1

onset at low temperatures. However, as the resonance devel-

ops at higher voltages, this indicates that the well level is

broadened. A ^2 AÊ ¯uctuation in the well, (which is a

reasonable number, as the growth temperature was in a

region, where the Ge segregation is expected to be at its

maximum), will lead to a broadening of ca. 5 meV of the

®rst state, which agrees well with the voltage difference

between the HH1 onset current and the position of the

temperature activated resonance.

Though this model does not exclude other possibilities,

for example tunneling from a defect state in the emitter, it

shows the possibility of tunneling from an exited quasi-

bound emitter state through the QW state.

We now turn to the measurements in a magnetic ®eld.

Previous investigations have shown, that magneto-tunneling

experiments can be a useful spectroscopy tool [9±11] of the

valence band quantum well states. We have studied the

tunneling in ®elds up to 8 T perpendicular to the current.

The magnetic ®eld adds a momentum to the tunneling holes,

i.e. it shifts the emitter k-space parabola relative to the well

state. This makes it possible to map out the dispersion of the

hole state [9]. The relatively small ®elds used here only give

rise to small voltage shifts of the resonances, which makes it

dif®cult to compare the results with the calculated disper-

sion relations. However, they agree qualitatively with the

magnetic ®eld dependence reported on for RTD grown by

atmospheric pressure CVD [11]. It is clear that the HH shift

less to higher bias voltages than the LH-level (see Fig. 5; for

a ®eld of 8 T the shifts are 1±2 meV for the HH1, ca. 11 meV

for the LH1 and ca. 7 meV for the HH2).

In several of the samples an extra resonance develops

with a perpendicular magnetic ®eld, but in contrast to the

temperature activated resonance, it lies ca 8 meV above the

HH1 and increases with magnetic ®eld. The shift with

magnetic ®eld is only 1±2 meV at 8 T. The existence of

such a peak has been reported elsewhere [12], and it was

speculated that the spacer-width plays an important role for

the appearance of this peak. To further investigate this idea

we have grown a series of samples with varying spacer-layer

widths. The part with constant Ge content was varied

between 50 and 200 AÊ , in addition to asymmetric samples

with different spacer widths on both sides. In Fig. 5 the dI/

dV±V curves for different magnetic ®elds are shown for an

asymmetric structure (spacer width 50/150 AÊ ). The reso-

nances at the negative bias appear at lower voltages due

to the smaller lever arm factor. However, in addition to

this asymmetry, the ®eld induced resonance appears only

on the side with the smaller spacer (labeled `B' in Fig. 5).
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Fig. 5. B-®eld dependence of the conductance of an asymmetric RTD in

magnetic ®eld from 0 to 8 T, measured at 1.7 K. The B-®eld induced

resonance on the positive bias side is marked with `B', the extra resonances

are marked with `X'.

Fig. 4. Conductance of the temperature dependence of the ®rst resonance. It

clearly shows the developing peak on the left shoulder of the HH1 peak.

The curves are vertically shifted for clarity.



This is generally true for the asymmetric samples. We hope

that future investigations at higher B-®elds may clarify if the

resonance `B' is related to strain and a B-®eld induced reso-

nance reported in [11].

In addition to the main resonances (see Fig. 2), some of

the devices also exhibits other, often much sharper reso-

nances, lying between HH1 and LH1. These can not be

explained by the simple picture of holes tunneling from

the emitter through the quantized states in the quantum

well. They do not show a uniform shape or behavior with

B-®eld (labeled `X' in Fig. 3).

In two of the samples there are series of features, sepa-

rated by a few meV and of widths ,1 meV. They show

NDR at low temperature, but disappear completely at

temperatures above 50 K, i.e. at much lower temperatures

than the `normal' resonances (Fig. 6).

A possible explanation is that these resonances are due to

tunneling through defect states such as impurities or dislo-

cations. Such defects, localized in one of the barriers, may

explain the different behavior in the two bias directions. The

localization in k-space may also explain the sudden decrease

in current, when the state is shifted below the emitter ground

state.

4. Conclusion

RTD with varying parameters have been grown using

MBE. Con®nement shifts, as a function of the well width,

verify that the resonances are due to tunneling through

heavy hole and light hole states in the well. However, the

temperature dependence of the I±V characteristics, the

measurements in magnetic ®elds up to 8 T, and measure-

ments with different spacer layer widths show the impor-

tance of the emitter energy spectrum for the tunneling

characteristics. We show that this can lead to additional

temperature activated and B-®eld induced resonances.

Furthermore, additional sharp resonances in the I±V char-

acteristics were seen, which may be attributed to tunneling

through defect states.
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Fig. 6. Series of very sharp resonances in some devices clearly exhibits

NDR, but disappear completely above 50 K (measured at 1.7 K).


