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P-N DIODES AND P-N-P HETEROJUNCTION 
BIPOLAR TRANSISTORS WITH DIAMOND 

COLLECTORS AND CURRENT TUNNELING 
LAYERS 

2 
n-type semiconductor material, the single-crystalline n-type 
semiconductor material having a different lattice constant 
than the diamond; ( c) a current tunneling layer disposed 
between and in contact with the upper surface of the layer of 

REFERENCE TO GOVERNMENT RIGHTS 

This invention was made with government support under 
N00014-18-l-2032 awarded by the NAVY/ONR. The gov
ernment has certain rights in the invention. 

5 diamond and a lower surface of the layer of the single
crystalline n-type semiconductor material; and ( d) an emitter 
comprising a layer of a single-crystalline p-type semicon
ductor material. The current tunneling layer comprises an 
inorganic material having a bandgap that is wider than the 

10 bandgaps of the diamond and the single-crystalline n-type 
semiconductor material and the inorganic material is not a 
native oxide of the single-crystalline n-type semiconductor 
material. 

BACKGROUND 

Diamond is one of the most desirable wide bandgap 
materials for next-generation high-power switching devices, 15 

as it has superior physical and electrical properties, includ
ing a high breakdown electric field, a high thermal conduc
tivity, and a high carrier mobility. With the developments in 
large-area, single-crystal diamond substrate growth by high
growth-rate chemical vapor deposition (CVD), there has 20 

been a steady advance in diamond device studies. However, 
due to deep donor energy levels, using nitrogen or phos
phorous to achieve n-type doping in diamond has been 
extremely difficult. As a result, diamond-based electronic 
devices are mostly based on p-type doped diamond. 25 

N-type doping a (001) diamond substrate with phospho
rus has been achieved. However, the resistivity of then-type 
layer is still high, owing to the deep phosphorus donor 
levels. Therefore, although p-n-junction diodes (PNDs) 
based on diamond have shown a high breakdown voltage, 30 

they also have a high on-resistance because the non-ohmic 
metal/n-type diamond contact and n-type doped diamond 
layer induce high resistance, which is detrimental to obtain
ing a high-power, low-loss diode. On the other hand, despite 
p-type diamond's ability to provide a high breakdown 35 

voltage for p-type diamond-based Schottky diodes, there 
exists a trade-off between on-resistance and breakdown 
voltage. In order to reduce the resistance of the p-type 
depletion layer, the acceptor concentration needs to be 
increased, and the resultant depletion region narrowing 40 

results in a decrease of the breakdown voltage. (See, e.g., A. 
Traore, et al., Zr/oxidized diamond interface for high power 
Schottky diodes, Appl. Phys. Lett. 104, 052105 (2014).) 

Other principal features and advantages of the invention 
will become apparent to those skilled in the art upon review 
of the following drawings, the detailed description, and the 
appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Illustrative embodiments of the invention will hereafter be 
described with reference to the accompanying drawings, 
wherein like numerals denote like elements. 

FIG. lA is a schematic illustration of one embodiment of 
a diamond-collector heterojunction bipolar transistor 
(HBT). FIG. lB shows the energy level and band diagrams 
for the HBT of FIG. lA with a negative electron affinity (x) 
diamond collector. FIG. lC shows the energy level and band 
diagrams for the HBT of FIG. lA with positive electron 
affinity diamond collector. 

FIG. 2A is a schematic illustration of another embodiment 
of a diamond-collector HBT. FIG. 2B shows the energy level 
and band diagrams for the HBT of FIG. 2A with a positive 
electron affinity diamond collector. 

FIG. 3 is a schematic diagram showing a method of 
fabricating a diamond-collector HBT using a nanomem
brane transfer and bonding process. 

FIG. 4A shows a n-type doped GaAs nanomembrane 
being transferred onto an Atomic Layer Deposition (ALD)
deposited current tunneling layer to form a p-n diode. FIG. 
4B shows a schematic cross-sectional view of the diode 
structure. 

SUMMARY 45 FIG. SA, panel (i) shows the band alignment for a p-n 

P-N diodes that include p-type doped diamond ("p-type 
diamond") and devices, such as p-n-p HBTs, that incorpo
rate the p-n diodes are provided. 

One embodiment of a p-n diode includes: (a) a layer of 
p-type diamond having an upper surface with a positive 
electron affinity; (b) a layer of a single-crystalline n-type 
semiconductor material, the single-crystalline semiconduc
tor material having a different lattice constant than the 
diamond; and ( c) a current tunneling layer disposed between 
and in contact with the upper surface of the diamond and the 
lower surface of the layer of the single-crystalline n-type 
semiconductor material. The current tunneling layer com
prises an inorganic material having a bandgap that is wider 
than the bandgaps of the diamond and single-crystalline 
n-type semiconductor material and the inorganic material is 
not a native oxide of the single-crystalline n-type semicon
ductor material. 

One embodiment of a heterojunction bipolar transistor 
includes: (a) a collector comprising a layer of p-type dia
mond having an upper surface with a positive electron 
affinity; (b) a base comprising a layer of a single-crystalline 

diode having a negative electron affinity p-diamond layer. 
FIG. SA, panel (ii) shows the band alignment for a p-n diode 
having a positive electron affinity p-diamond layer. FIG. SB, 
panel (i) shows the band alignment for the p-n diode of FIG. 

50 SA, panel (i) under reverse bias with a depletion region 
extending into the n-GaAs. FIG. SB, panel (ii) shows the 
band alignment for the p-n diode of FIG. SA, panel (ii) under 
reverse bias with a depletion region extending into the 
p-diamond. FIG. SC, panel (i) shows the I-V characteristics 

55 of the p-n diode of FIG. SA, panel (i). FIG. SC, panel (ii) 
shows the I-V characteristics of the p-n diode of FIG. SA, 
panel (ii). 

FIG. 6A shows the current density-voltage (J-V) charac
teristics of a diamond p-n diode with a negative electron 

60 affinity diamond at room temperature in air. FIG. 6B shows 
the J-V characteristics of a diamond p-n diode with a 
positive electron affinity diamond at room temperature in air. 

FIG. 7A shows the current density-voltage characteristics 
in semi-logarithm scale for the GaAs/diamond n-p diode of 

65 FIG. SA, panel (ii) having an electrode area of 60 µmx60 µm 
under reverse voltage conditions at room temperature in air. 
FIG. 7B shows a linear scale plot of the breakdown voltage 
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for the GaAs/diamond n-p diode of FIG. SA, panel (ii). FIG. 
7C shows the differential resistance for the diamond esti
mated using dV/c!J. 

FIG. 8 shows the band alignments of the layers of the 
p-n-p HBT of Example 2 before contacting each other, with 5 

band gap values noted. 
FIGS. 9A-9C depict DC characteristics of the p-n-p 

diamond HBTs. FIG. 9A shows the current density-voltage 
characteristics of a p-Si NM emitter and n-Ge NM base 
heterojunction diode (E-B junction). FIG. 9B shows current 10 

density-voltage characteristics of an n-GeNM base and 
p-Diamond collector heterojunction diode (C-B junction). 
FIG. 9C shows the common emitter IcV cE characteristics 
of HBTs with 0.5 µA step. FIG. 9D depicts a G=el plot 
showing the maximum current gain (~max) of 49 at V EB of 15 

2.8V. 
FIGS. lOA-lOC show current gain and radio-frequency 

(RF) characteristics of the p-n-p diamond HBTs. FIG. lOA 
shows the current gain and differential beta as a function of 
collector current density with different V cB from 0V to 2V. 20 

FIG. lOB depicts the unilateral power gain (U) and maxi
mum stable gain (MSG)/maximum available gain (MAG) as 
a function of frequency at a bias point of IB of 0.06 µA and 

4 
tion distance into diamond and, therefore, reduce the break
down voltage of the p-n diode. In order to avoid hole 
accumulation at the diamond surface, the surface can 
undergo oxygen treatment to provide the diamond with 
oxygen termination dominated surface condition and a posi
tive electron affinity. In addition, predominant oxygen ter-
mination facilitates the uniform deposition of oxide-based 
current t=eling layers, such as Al2 O3 , which is important 
for the subsequent transfer and bonding of an n-type semi
conductor nanomembrane to complete the p-n diode with a 
high-quality heterojunction interface. 

The diamond in the p-n diodes can be provided with a 
predominant oxygen-surface termination to exhibit positive 
electron affinity by exposing it to an oxygen-containing 
environment under oxidizing conditions. For example, the 
diamond can be exposed to an oxygen plasma, or exposed to 
UV in an ozone environment or subjected to an oxidizing 
chemical treatment at temperatures of, for example, soaking 
the sample in H2 SO4 and HNO3 at 200° C. for 10 min. 

In the HBTs, the positive electron affinity diamond in 
combination with the surface passivation provides a high 
base-collector diode breakdown voltage. For an HBT to 
obtain high current gain, the emitter material should have a 
larger bandgap than the base material. Examples of emitter/ V CB of -5 V. FIG. 9C shows fr and fmax as a function of 

collector current density. 
FIG. llA is a schematic illustration of Al2 O3 assisted 

ohmic metallization to the diamond substrate using a Ti/Pt/ 
Au metal stack with a 1 nmA12O3 ALD interlayer. FIG. llB 
shows the I-V characteristics between two collector metal 

25 base material combinations that satisfy this criterion include 
Si/Ge, Si/SiGe, SiGe/Ge and III-V semiconductor pairs, 
such as AlGaAs/GaAs, GainP/GaAs, InAlAs/InP, InAlAs/ 
InGaAs and InP/InGaAs. 

contacts after annealing. 

DETAILED DESCRIPTION 

P-N diodes that include p-type doped diamond ("p-type 
diamond") and devices, such as p-n-p HBTs, that incorpo
rate the p-n diodes are provided. In the p-n diodes, the 
diamond at the p-n junction has a positive electron affinity 
at the operating temperature of the diode and is passivated 
by a thin layer of inorganic material that acts as a current 
tunneling layer and passivates the bonding interface states, 
without hindering carrier transport across the interface. 

The p-n diodes are characterized by high breakdown 
voltages, low on-resistances, and high Baliga Power Figures 

The effect of the surface properties on the band diagram 
30 for a GaAs-base diamond-collector HBT are illustrated in 

FIGS. lA-lC. A cross-sectional view of the HBT is shown 
in FIG. lA. The HBT includes an unintentionally doped 
diamond substrate upon which a p-type diamond collector 
and a heavily p-type doped (P+) sub-collector are formed. 

35 The sub-collector serves to provide good ohmic contact with 
the collector contact metal and to provide a low resistance 
current path connecting the moderately p-type doped (P-) 
diamond layer. An n-type layer of single-crystalline n-type 
GaAs ( a GaAs NM) serves as the base and is separated from 

40 the diamond collector by a thin current tunneling layer. The 
emitter includes a lower, moderately p-type doped AlGaAs 
layer and an upper, heavily p-type doped GaAs layer (i.e., 
emitter contact layer) that serves to provide good ohmic 
contact with the emitter contact metal. of Merit (BFOM). By way of illustration, various embodi

ments of the p-n diodes have breakdown voltages of at least 45 

10 Vat room temperature (25° C.). This includes p-n diodes 
having a breakdown voltage of at least 100 Vat 25° C. and 
further includes p-n diodes having a breakdown voltage of 

FIG. lB shows the energy level and band structure 
diagrams for the various layers in the heterostructure stack 
(left) and for the heterostructure (right) of FIG. lA in which 
the P- diamond (C) has a negative electron affinity. As 
shown in the band structure diagram, the negative electron at least 1000 V at 25° C. In addition, various embodiments 

of the p-n diodes have a BFOM of 1 GW/cm2 or higher. 
Methods of measuring the breakdown voltage and BFOM 
for a p-n diode are provided in the Examples. 

50 affinity results in hole accumulation in the diamond at the 
GaAs/diamond interface and a depletion region extending 
into the n-type GaAs base layer under a reverse bias. This 
limits the breakdown voltage for the base-collector diode The electronic surface properties of the diamond in the 

p-n diodes play an important role in the performance of the 
diodes and the devices into which they are incorporated 55 

because the surface properties affect the electrical conduc
tivity, surface state distributions, and band bending of the 
p-n junctions. In order to attain the proper band alignment 
for high-performance p-n diodes, the diamond surface 
should have a positive electron affinity at the operating 
temperature of the p-n diode. 

and can result in significant leakage current. 
FIG. lC shows the energy level and band structure 

diagrams for the various layers in the heterostructure stack 
(left) and for the heterostructure (right) of FIG. lA in which 
the P- diamond has positive electron affinity. As shown in 
the band structure diagram, the positive electron affinity 

60 results in a depletion region extending into p-type diamond 
collector layer under a reverse bias. This increases the 
breakdown voltage for the base-collector diode and reduces 
leakage current. The magnitude of the positive electron 
affinity can be varied with surface termination conditions. 

In general, a chemical vapor deposition (CVD)-grown 
diamond substrate, without any surface treatment, has a 
hydrogen- and oxygen-mixed terminated surface with a 
negative electron affinity. However, for devices such as 
HBTs, negative electron affinity is disfavored, since hole 
accumulation at the diamond surface can shorten the deple-

65 The more toward oxygen termination than toward hydrogen 
termination is on the diamond surface, the large is the 
positive electron affinity value. The value of the positive 
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electron affinity also affects the valence band alignment 
between the base and the collector. For operating tempera
tures in the range from about 25° C. to about 300° C., 
electron affinities in the range from about 0.02 eV to 0.05 eV 
would be sufficient. 

FIGS. 2A and 2B show the structure and energy band 
diagrams, respectively, for another embodiment of a dia
mond-collector HBT having a positive electron affinity. This 
HBT includes an unintentionally doped diamond substrate 
upon which a p-type diamond collector and a heavily p-type 
doped (P+) diamond sub-collector are formed. The sub
collector serves to provide good ohmic contact with the 
collector contact metal and a low-resistance current path 
connecting the moderately p-type doped (P-) diamond layer. 
An n-type layer of single-crystalline n-type InGaAs (an 
InGaAs NM) serves as the base and is separated from the 
diamond collector by a thin current tunneling layer. The 
emitter includes a lower, moderately p-type doped InA!As 
layer and an upper, heavily p-type doped InGaAs layer 
(emitter contact) that serves to provide good ohmic contact 
with the emitter contact metal. 

The p-n diodes can be fabricated using a membrane 
transfer and bonding process that allows the material of the 
n-type layer to be selected independently from material of 
the p-type layer. Thus, the transfer and bonding process 
enables the integration of a large variety of different semi
conductor materials into the p-n diodes and devices that 
incorporate the p-n diodes. 

6 
enhanced by annealing (panel (ii)). An emitter metal stack 
308 can then be deposited on emitter 305 (panel (iii)). 

Next, a base mesa is etched through the heterostructure 
down to base layer 303 (panel (iv)) and a base metal stack 

5 309 is deposited using, for example, metallization (panel 
(v)). A collector mesa in then etched down to diamond 
collector 301 and a collector metal stack 310 is deposited 
using, for example, metallization (panel (vii)). 

The method of transferring the pre-formed single-crystal-
10 line semiconductor layers (i.e., the NMs) onto the hetero

structure can be carried out starting with a semiconductor
on-insulator substrate comprised of a handle wafer, a 
sacrificial layer, such as a buried oxide layer, and a thin layer 
of the single-crystalline semiconductor, such as a thin layer 

15 of single-crystalline Ge, Si, SiGe or III-Vs. The transferring 
of III-V NMs can also be carried out starting with epitaxial 
layers such as A!GaAs/GaAs, GainP/GaAs, InA!As/InP, 
InA!As/InGaAs and InP/InGaAs that are grown on proper 
sacrificial epitaxial layers. The sacrificial layer is then selec-

20 tively removed from the structure. This can be carried out, 
for example, by forming an array of holes (apertures) 
through the thin layer of single-crystalline semiconductor 
and then selectively chemically etching away the sacrificial 
layer that is exposed through the apertures. These apertures 

25 may be regularly spaced, or randomly spaced. As a result, 
the thin layer of single-crystalline semiconductor settles 
onto the underlying handle wafer. A host material, such as a 
rubber stamp, is then pressed onto the upper surface of the 
released layer of the single-crystalline semiconductor, which One embodiment of a method for forming an HBT is 

shown schematically in FIG. 3. The structure is built on a 
p-type diamond collector 301 (panel (i)) having an upper 
surface that has been treated to provide the diamond with a 
positive electron affinity at the intended operating tempera
ture of the base-collector diode. This can be accomplished 
using an oxygen treatment to provide the upper surface of 
diamond collector 301 with predominantly oxygen surface 
termination, as illustrated in the Examples. Upon the upper 
surface of oxygen-terminated collector 301, a current tun
neling layer 302 is deposited. The thickness of the current 
tunneling layer typically need only be on the order of the 40 

root mean square (rms) roughness of the surfaces of the 
layers of semiconductor material which it binds. By way of 
illustration, in some embodiments, the current tunneling 
layer has a thickness in the range from about 0.5 nm to about 

30 adheres to the host material and is lifted away from the 
handle wafer. In a subsequent step the released layer of 
single-crystalline semiconductor is brought into contact 
with, and transferred onto, the current tunneling layer. The 
single-crystalline layer can be doped before or after transfer 

35 and bonding. The host material is then removed. A more 
detailed description of this type of transfer and bonding 
process can be found in U.S. patent publication number 
2016/0204306. 

The etch chemistry used for the release of a given 
semiconductor NM will depend on the sacrificial layer from 
which it is being released. However, semiconductor selec
tive etchants are known for a variety of semiconductor 
materials. For example, layers of Si, Ge, or SiGe can be 
released from a buried SiO2 or GeO2 layer using a hydro-

10 nm. This includes embodiments in which it has a thick- 45 fluoric acid (HF) etch; layers of GaAs and A!GaAs can be 
released from a buried A!GaAs sacrificial layer using HF. (In ness in the range from about 0.5 nm to about 5 nm or from 

about 0.5 nm to about 3 nm. Since the thickness of the 
current tunneling layer may not be uniform on an atomic 
scale, the thickness of the layer corresponds to the average 
thickness of the layer across the bonding interfaces of the 
heterostructure. 

the case of an A!GaAs device layer, the A!GaAs sacrificial 
layer would have a higher aluminum content.) A GaAs layer 
can be released from a sacrificial GaAsN layer using aque-

50 ous NaOH, and an InGaAsP layer can be released from a 
sacrificial InGaAs layer using an HF:H2O2 :H2 O etch. 
A!GaAs with a high aluminum content can be released from 
GaAs using a citric acid:H2 O2 :H2O etch. However, other 
known selective etch chemistries can be used. 

Once current tunneling layer 302 has been deposited, a 
thin layer of pre-formed, single-crystalline, n-type doped 
semiconductor material (referred to as a semiconductor 
nanomembrane; abbreviated "NM") can be transferred onto 55 

its upper surface to provide the base layer 303 of the HBT, 
An alternative method of transferring a single-crystalline 

semiconductor layer onto a heterostructure uses wafer bond
ing followed by hydrogen implantation to create a splitting 
plane in the semiconductor material-a technique that is 
sometimes referred to as Smart Cut. A description of the 

as shown in panel (i) of FIG. 3. This can be achieved using 
a NM transfer and bonding process, as illustrated in the 
Examples. As shown in FIG. 3, base layer 303 may option
ally have a second current tunneling layer 304 deposited 
onto its upper surface. Next, a p-type doped semiconductor 
NM is transferred onto, and bonded to, base layer 303 to 
provide the HBT emitter 305. In the embodiment of FIG. 3, 
emitter 305 includes a lower layer of moderately p-type 
doped semiconductor material 306 and an upper layer of 
heavily p-type doped semiconductor material 307. The 
bonding of the transferred semiconductor NMs can be 

60 Smart Cut process can be found in Brue! et al., Proceedings 
1995 IEEE International SOI Conference, 178 (1995). In 
this technique, a buried hydrogen implantation layer is 
formed in a semiconductor substrate, such as a semiconduc
tor wafer. The depth of hydrogen implantation layer will 

65 determine the thickness of the single-crystalline semicon
ductor layer (i.e., NM) to be transferred. Once the splitting 
plane is formed via hydrogen implantation, the surface of 
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substrate is contacted with the heterostructure. The substrate 
is then split at the hydrogen implantation layer and the bulk 

8 
p-type semiconductor of the p-n diode. (As used herein, the 
term native oxide refers to an oxide that would be mono
lithically formed on the semiconductor material as the result 
of the oxidation of the material in an oxygen-containing 

of the substrate is removed. Optionally, the single-crystalline 
semiconductor layer may be thinned using a post-transfer 
chemical mechanical polish. 5 environment. For example, SiO2 is a native oxide of Si.) 

The current tunneling layer is an ultra-thin but highly 
conductive layer disposed between the p-type diamond and 
then-type semiconductor layer that make up the p-njunction 
of the diode. Optionally, additional current tunneling layers 
can be disposed between the semiconductor layers that make 10 

up other junctions in the devices. For example, an additional 
current tunneling layer can be deposited between the p-type 
emitter and the n-type base of a p-n-p HBT. 

The current tunneling layer is formed of an inorganic 
material having a bandgap that is wider that the bandgaps of 15 

the p-type material and then-type material that make up the 
p-n diodes. Current tunneling layers are characterized in that 
they are made from an appropriate material and are suffi
ciently thin that they are able to act as turmeling layers for 
electrons and/or holes. That is, unlike a typical dielectric 20 

medium, they allow both electrons and holes to pass 
through, from a first layer to a second layer of semiconduc-

In other embodiments, the inorganic material of the 
current tunneling layer is a nitride. In such embodiments, the 
nitride can comprise, consist of, or consist essentially of, a 
metal nitride, a nitride of a semiconductor element, and/or a 
nitride of a metalloid element. Examples of nitrides that may 
be used in nitride current tunneling layers include, but are 
not limited to, those that can be deposited via ALD. 
Examples of such nitrides include aluminum nitride, silicon 
nitride, and titanium nitride. In some embodiments, the 
metal, semiconductor or metalloid elements present in the 
nitride are different from any metal, semiconductor or met-
alloid elements in the semiconductor layers with which they 
are in contact and between which they are disposed. 

In some embodiments, the current tunneling layer com
prises two or more sub-layers, each of which comprises an 
inorganic material, provided, however, that the total com
bined thickness of the sub-layers is still low enough to allow 
for the tunneling of electrons and holes through the layer. 
For example, in a current turmeling layer comprising mul
tiple sub-layers of inorganic oxides, the inorganic oxides can 
be selected such that one oxide passivates one of the two 
neighboring semiconductor materials of a p-n diode, while 
another oxide passivates the other of the two neighboring 
semiconductor materials. 

EXAMPLES 

Example 1: GaAs/Diamond Diode 

This example illustrates a p-n diode implemented by 
adopting a heavily doped n-type GaAs layer heteroge
neously integrated with a p-/p+ type diamond substrate. 
Enabled by the nanomembrane (NM) lift-off technique, a 
GaAs NM was transferred onto a predominantly oxygenated 
(100) oriented surface of a stack comprising an optimized, 
lightly boron doped diamond layer on a heavily boron doped 
diamond layer. Ohmic contacts were formed on both a top 
n-GaAs layer and a bottom p+ diamond layer, which were 
laterally separated. To prevent reverse leakage current and 
lowering of the breakdown voltage, suppressing defects in 
the depletion region and the interface between the diamond 
and the GaAs in the heterogeneous structure is critical for 
device performance. It is known that Al2O3 can effectively 
passivate the surface dangling bonds, and thus significantly 

tor material, via quantum turmeling. Thus, because metals 
would block the passage of holes, metals are not suitable 
materials for a current tunneling layer. However, a wide 25 

range of non-metal inorganic materials can meet these 
criteria. The inorganic material of the current turmeling layer 
may be a material that would act as a dielectric in its bulk 
form but is sufficiently thin that it no longer acts as an 
electrical insulator. This intervening layer of inorganic mate- 30 

rial passivates the surfaces of the p-type and n-type layers of 
the p-n diode with which it is in contact, such that dangling 
bonds and interface states are minimized or substantially 
reduced. This property is useful because, when directly 
bonding two non-lattice matched single-crystalline materi- 35 

als, the chemical bonds formed between the two materials 
can create a large number of interface states. These interface 
states prevent the two materials from forming an ideal 
rectifying junction. However, when the inorganic material is 
inserted, the two materials are physically separated. If the 40 

layer is sufficiently thin and has the capability to chemically 
passivate the materials, the number of interface states can be 
reduced to levels such that both electrons and holes can 
efficiently tunnel through the layer. The inorganic layer also 
provides a sort of' glue' between the layers of the p-n diodes 45 

or other layers in an HBT. In addition, the inorganic layer 
can prevent the interdiffusion of the semiconductor materials 
between the layers of the p-n diodes. This avoids the 
formation of an unwanted, intervening, cross-contaminated 
semiconductor interface layer. 50 reduce the leakage current on Group IV and Group III-V 

materials. A high quality Al2 O3 layer formed by ALD 
provided an ultra-thin but highly conductive layer between 
two single crystalline semiconductor materials. Here, the 

In some embodiments, the inorganic material of the 
current turmeling layer is an oxide. In such embodiments, 
the oxide can comprise, consist of, or consist essentially of, 
a metal oxide, an oxide of a semiconductor element, and/or 
an oxide of a metalloid element. Examples of oxides that 55 

may be used in metal oxide quantum tunneling layers 
include, but are not limited to, those that can be deposited 
via ALD. Examples of such oxides include aluminum oxide 
(Al2 O3), titanium oxide (TiO2 ), hafnium oxide (HfO2), 

tantalum oxide (Ta2O5 ), and silicon dioxide (SiO2 ). In some 60 

embodiments, the metal, semiconductor, or metalloid ele
ments present in the oxide are different from any metal, 
semiconductor or metalloid elements in the other semicon
ductor layers with which they are in contact and between 
which they are disposed. In embodiments of the current 65 

tunneling layers, the inorganic oxide is not a native oxide of 
the single-crystalline n-type semiconductor material or the 

Al2 O3 layer was employed to obtain a high-quality, well
conductive interface with passivated surface states. Pre
dominant oxygen termination of the diamond was also 
shown to affect breakdown voltage. A control experiment 
study was carried out comparing the electrical performances 
of the diodes formed by the predominantly hydrogen-termi
nated and predominantly oxygen-terminated diamond. As a 
result, high forward current density of 2800 A/cm2 (at 6 V) 
and a breakdown voltage of -lK (field reached larger than 
7.7 MV/cm) for p-n diodes with predominantly oxygen 
terminated diamond were achieved. The power figure of 
merit (BFOM) is above 1.25 GW/cm2

. 

FIG. 4A shows a n-type doped GaAs nanomembrane 
being transferred onto an Atomic Layer Deposition (ALD)-
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deposited current tunneling layer to form a p-n diode. FIG. 
10 

diamond area was treated, changing the surface bonds from 
carbon-hydrogen (due to the hydrogen plasma treatment for 
the p+ contact) to carbon-oxygen termination. 
Simulations on the Effects of Diamond Surface Termination 

5 on the Diode Electric Characteristics 

4B shows the schematic structure of a GaAs/diamond diode, 
comprising a top layer of n+/n- GaAs NM, a p-/p+ diamond 
substrate, and an ultrathin (0.5 nm) Al2 O3 layer in between. 
The diodes were fabricated on a diamond substrate with 
arrays of p (Pd/Ge/Au) and n (Ti/Pt/Au) contacts, respec
tively. The p-doped diamond was deposited using a 
MPECVD system fromARIOS Inc. using a mixture ofCH4 

and H2 gas on high-pressure and a high-temperature (HPHT) 
synthetic Ilb (111) single-crystal diamond substrate (2x2x 10 

0.28 mm3
) with a misorientation angle of approximately 8°. 

The following process parameters were used for deposition: 
400 W for input microwave power, 20 kPa (150 Torr) total 
gas pressure, 300 seem H2 gas flow, 0.1 % CH4 /H2 ratio, 
960° C. to 970° C. substrate temperature, and 30 min 15 

deposition time. To decrease the impurity concentration, 0 2 

(O/C ratio: 2) was used for deposition of the lightly p-doped 
layer. After deposition, the sample was kept in a mixture of 
H2 SO4 and HNO3 at 200° C. for 10 min both to remove any 
surface contamination and to terminate the surface with 20 

oxygen. The contact angle measurements were employed to 
examine the oxygen termination before and after the surface 
treatment. As the diamond surface termination changes from 
predominantly carbon-hydrogen bonding to predominantly 
carbon-oxygen bonding, the surface wettability is enhanced, 25 

resulting in a reduced contact angle. The corresponding 
values of the contact angle before and after oxygen treat
ment are 0=65.7° and 17.7°, which are typical angle values 
for hydrogen termination and oxygen termination, respec
tively. (See, e.g., J. 0. Hansen, et al., J. Colloid. Interface 30 

Sci., 130 (1989), p. 347.) In order to enable study of the 
effect on the diodes' performances, subsequent diode for
mation steps were taken on the diamond sample for the two 
types of surface termination. 
NM Transfer Process 

The GaAs NM with a n+ GaAs contact layer on top and 

To illustrate the role of a predominantly oxygen termi
nated diamond surface in order to achieve a high breakdown 
voltage p-n diode, the band alignments and electrical char
acterization for the GaAs/diamond diodes were simulated 
with varied electron affinities, accompanied by different 
surface treatments. Predominantly hydrogen terminated dia
mond could induce a negative electron affinity with free 
electron emission to air, and result in a hole accumulation 
layer at the surface. On the other hand, predominant oxygen 
termination modified the electron affinity to a positive value, 
which varied depending on the ratio of coverage of the 
oxygen-carbon bonds. In the simulation, electron affinities 
of -0.5 and 0.2 were adopted for the predominant hydrogen 
and the predominant oxygen terminated diamond surface, 
respectively. The doping concentrations for the GaAs and 
diamond layers were 1E19 and 1E17/cm3

, respectively. As 
shown in FIG. SA(i), due to the negative electron affinity, a 
hole accumulation region near the diamond surface existed, 
with the resultant band up-bending for the diamond. In 
addition, the built-in electric field was located on the GaAs 
side rather than the diamond side, despite the two orders 
magnitude lower doping concentration of diamond. In con
trast, the built-in voltage was primarily dropped in the 
diamond for the GaAs/diamond diode with positive electron 
affinity as shown in FIG. SA(ii). Furthermore, when a 
reverse bias of -2V was applied, as illustrated in FIGS. 5B(i) 
and 5B(ii), the depletion region extended within the GaAs 
for the diamond diode with negative electron affinity (FIG. 
5B(i)); whereas for the diamond with positive electron 

35 affinity (FIG. 5B(ii)), the applied electric filed was primarily 
distributed in the diamond, resulting in a much wider 
depletion width due to the lower doping concentration. It 
was essential that the depletion and high electric field occur 

an n- GaAs layer at bottom were grown on top of a 
sacrificial Al0 _95Ga0 _05As layer on a GaAs substrate by 
MOCVD. The wafer was then patterned with holes by 
inductive coupled plasma (ICP) etching to expose the 40 

Al0 _95Ga0 _05As layer. The n+/n- GaAs structure was lifted 
off by undercutting the sacrificial layer with hydrofluoric 
acid (HF). The GaAs NMs were then transferred onto the 
diamond substrate using a print-transfer method without any 
adhesive or bonding agents. To further strengthen the bond- 45 

ing, the diodes were armealed in nitrogen ambient at a 
temperature in the range of 200° C. to 500° C. The GaAs 
NM remained conformal to the diamond surface after 
annealing. Transmission electron microscopy images of the 
cross section of the bonded GaAs/diamond heterojunction 
showed an oxide layer between the single crystal GaAs and 
the diamond, which effectively passivated the surface states 
for both sides of the diodes. 

in the diamond in order to realize a high breakdown voltage. 
Otherwise, as shown in FIG. SC(i), the leakage current 
would be significant compared to that shown in FIG. SC(ii) 
if the depletion region mostly resides in the GaAs region, 
which is attributed to band-to-band tunneling when the 
valence band of the diamond is higher than the conduction 
band of the GaAs. 
Results and Discussion 
Comparison of Current Density-Voltage Curves 

FIGS. 6A and 6B show the typical current density-voltage 
(J-V) characteristics of the two types of diamond diodes 

50 with different surface terminations at room temperature (RT) 
in air. As predicted, the J-V curve for the diode with 
predominantly hydrogen terminated diamond (in the log 
scale in FIG. 6A, and the linear scale for the inset) exhibited 
significantly higher leakage reverse current compared to the Diode Fabrications 

For the diodes fabrication, the individual devices were 
mesa isolated by etching down the GaAs NM and p
diamond layer and stopping at the p+ diamond substrate. 
Anode contact on the p+ substrate was formed from Ti/Pt/ 
Au (50 mn/50 mn/150 nm) deposited using E-beam evapo
ration, and a Pd/Ge/ Au metal stack was adopted for the 
cathode contact with the n+ GaAs layer. To ensure good 
ohmic contact for the p+ diamond, a hydrogen plasma 
treatment was applied to the exposed p+ region to increase 
the surface conductivity. The fabricated device area was 60 
µmx60 µm for square diodes. Once the diode devices were 
finished, oxygen plasma with 50 W and 30 seconds was 
applied on the entire sample, during which all the exposed 

55 J-V curve with a predominantly oxygen terminated surface 
(FIG. 6B). In contrast, the GaAs/diamond heterojunction 
with positive electron affinity showed clear diode properties, 
with a rectification ratio greater than 1011 at ±8 V, and 
forward current density of greater than 2800 A/cm2 at a 

60 forward DC voltage of approximately 8 V. The correspond
ing total current was 106 mA with an electrode of 60 µmx60 
µm. Furthermore, the ideality factor 11 fell as low as 1.27, 
indicating a diffusion-dominated current. This suggests 1): 
good crystalline quality with low concentrations of defects 

65 as non-radioactive recombination centers; (2) suppressed 
interface defects states between the GaAs NM and the 
diamond, which would also contribute to the non-radioac-
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tive recombination induced current (ri=2); and 3) a low 
parasitic leakage path and relatively small series resistance. 
Breakdown Characteristics and Mechanisms 

12 
(See, e.g., Hitoshi Umezawa, et al., High temperature appli
cation of diamond power device, Diamond and Related 
Materials 24, 201-205, (2012).) Given that the majority of 
on resistance was induced by the lateral resistance between FIG. 7 A shows the typical leakage current density-voltage 

characteristics in semi-logarithm scale for the GaAs/dia
mond heterojunction with an electrode of 60 µmx60 under 
reverse voltage conditions at RT in air. The leakage current 
had a linear relationship with the bias voltage up to around 
800\7, which indicates a Fowler-Nordheim dominated tun
neling process through the p-n diode under high reverse bias 
might be responsible for the leakage current. The linear scale 
plot (FIG. 7B) shows that the breakdown voltage reached as 
high as 1 kV. During the measurement, neither an indenta
tion mark nor breakage appeared on the electrodes after 
multiple electrical measurements using tungsten micro
probes. The breakdown electric field of the diamond p-n 
diode reached approximately 3.3 MV/cm, calculated by 
dividing the breakdown voltage by the estimated p-type 
diamond layer thickness of 3 µm. The temperature-depen
dent reverse-bias I-V was measured on the diodes. In the 
higher bias region, the reverse leakage current changed from 
temperature-dependent to temperature-independent when 
the bias voltage was increased. BV increased with increasing 
temperatures. The positive coefficient of BV versus tem
perature is a signature of avalanche breakdown, which is 
desired for reliable device operation for high power appli
cations. 

5 contacts, the BFOM of at least one order higher value could 
have been readily achieved if device layout had been reen
gineered to minimize the lateral distance. 
Band Alignment and Electric Field Intensity 

To further investigate the high breakdown voltage prop-
10 erties of the heterogeneous GaAs/diamond diode, numerical 

simulations on the band alignment and electric field intensity 
across the diodes structure under reverse bias near break
down were carried. The diamond electron affinity was set as 
0.1 eV, and other parameters such as dimension and doping 

15 were matching the real diodes structure. It was found that, 
under reverse bias of -800 V, the band-bending in the 
p-diamond layer was extremely steep, which indicates the 
majority of the voltage was carried by this region. Further
more, the electric field distribution confirmed that the elec-

20 tric field was primarily located in the p-diamond, which 
decreased exponentially into the GaAs and p+ diamond 
region due to the large doping concentration contrast with 
the p-diamond. The electric field within the p-diamond 
region increased from 5 MV/cm at the p+ side to 5 MV/cm 

Series Resistance Origins and BFOM Estimation 

25 at the GaAs side. Additionally, the depletion depth into the 
GaAs layer was less than 20 nm. The peak electric intensity 
at the GaAs surface was around 1.5 MV/cm, which is 
beyond the typical breakdown field value<! MV/cm of 

FIG. 7C shows the differential resistance of the diamond 
estimated using dV/dJ. The differential resistance was 0.08 30 

mQcm2 at a forward voltage of approximately 8 V, corre
sponding to a resistance of 12.5Q. The resistance originates 
mainly from four factors: 1) p diamond metal contact; 2) 
lateral resistance between p and n contact; 3) undepleted (if 
any) p- diamond bulk resistance; 4) drift resistance in the 35 

depleted p-region. The p+ diamond metal contact resistivity 
was studied by using a CTLM pattern and based on the 
extracted value of 9.75xl0-6 ohm·cm2

, the contact resis
tance was around 0.lQ, which is negligible to the total series 
resistance. For the lateral current spreading resistance, 40 

assuming resistivity (pPJ of lxl0-1 ohm·cm for diamond 
with a doping concentration of lxl019/cm3

, the lateral 
resistance was estimated as 20Q under the conditions of a 
13.5 µm thick p+ diamond, 60 µmx60 µm electrode, and 20 
µm distance apart between two contacts. This calculated 45 

value was higher than the total series resistance of 12.5Q 
and was believed to be caused by the underestimation of the 
conductivity near the diamond surface due to hole accumu
lation. This suggested that the lateral current spreading 
resistance was responsible for the majority of the total 50 

resistance. On the other hand, it also signified that the p
diamond region was fully depleted and would not contribute 
to the series resistance of the diode link. Moreover, this 
claim was corroborated by the resistance calculation of the 
p-diamond layer as 10 mQcm2 estimated from the bulk 55 

resistivity of the p-diamond layer (in the order of 105 Qcm), 
even if only 1 nm undepleted p-diamond region remained, 
which is more than two orders of magnitude higher than the 
total resistance. Thus, it was concluded that the on-resis
tance primarily originated from the lateral current spreading 60 

resistance between the p and n metal contacts, and that the 
p-diamond layer was fully depleted, which otherwise would 
have induced substantial resistance with this level of doping 
concentration. The Baliga's Power Figure of Merit BFOM 
of 1.25 GW/cm2 at RT was calculated for the GaAs/diamond 65 

p-n diodes. This value has reached beyond the theoretical 
limitation (1000 MW/cm2

) for the diamond Schottky diodes. 

GaAs bulk material. That the GaAs near the surface sus
tained this strong electric field without avalanche related 
breakdown was attributed to the very confined length of the 
electric field length. Based on the impact ionization induced 
avalanche process, the carriers required sufficient kinetic 
energy to excite a bound electron; therefore, the strong 
electric field and accelerating distance were both prerequi
sites for this process to occur. The distance of range where 
the electric field was above 1 MV/cm was less than 5 nm, 
through which the accumulated energy of carrier was not 
sufficient for ionizing other bound electrons. 

Example 2: Si/Ge/Diamond p-n-p HBT 

In this Example, diamond-based hybrid p-n-p heterojunc
tion bipolar transistors (HBTs) that were formed with trans
ferable single crystalline Si and Ge NMs have been realized. 
The HBTs include a p-Si NM emitter, n-Ge NM base, and a 
p-diamond collector that were bonded and passivated by an 
ultra-thin Al2 0 3 quantum tunneling layer, formed by ALD, 
at the interface. Using an oxygen surface treatment on the 
diamond, and passivation by the Al2 0 3 atomic thin layer, the 
HBTs achieved significant gains due to the sharp and large 
band offset differences between the emitter (Si NM) and the 
base (Ge NM). In addition, the high break-down voltage of 
the base-collector (B-C) diode demonstrates the superior 
electrical properties of diamond, and its usefulness in high
power and high-frequency HBT devices. 
Results and Discussions 

The hybrid diamond collector HBT device fabrication 
began with the performance of the chemical cleaning pro
cess for a moderately boron doped p-type high-pressure and 
high-temperature (HPHT) diamond substrate. The diamond 
substrate was loaded in an ALD system and an Al2 0 3 layer 
(-0.5 nm thick) was deposited via five ALD cycles. The 
p+/p- Si NM and n+Ge NM were created from a silicon
on-insulator (SOI) wafer and a germanium-on-insulator 
(GeOI) wafer, which served as the emitter and base layer, 
respectively. The transfer printing method details, without 
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using an adhesive layer, can be found elsewhere. (See, e.g., 
M.A. Meitl, Z. T. Zhu, V. Kumar, K. J. Lee, X. Feng, et al., 
Transfer printing by kinetic control of adhesion to an elas
tomeric stamp. Nature Mater. 5, 33-38 (2006).) For the base 
layer formation, the n+Ge NM was firstly bonded on the 5 

Al2O3 -coated diamond substrate and annealed via rapid 
thermal anneal (RTA), followed by deposition of another 
thin Al2 O3 passivation layer. Finally, the p+/p- Si NM for 
the emitter layer was bonded on top of the Ge/diamond. A 
Ti/Au stack emitter electrode was firstly deposited, followed 10 

by mesa-etching by a reactive ion etcher (RIE). A Ti/Au 
stack base electrode was deposited on the base mesa, and 
subsequently the diamond layer was exposed by RIE. 
Around 50 nm of the diamond layer was etched prior to 
ohmic metal Ti/Pt/Au deposition on the diamond substrate 15 

and annealing. In order to form an ohmic contact with the 
diamond, a thin Al2 O3 layer was deposited via ALD prior to 
the metal deposition. All HBT devices were passivated with 
SiO2 by plasma-enhanced chemical vapor deposition 
(PECVD) and completed by interconnection metal deposi- 20 

tion. The widths of the emitter, base, and collector fingers of 
the HBTs were 4 µm, 3 µm, and 3 µm, respectively. The best 
ohmic behavior was achieved for annealing at 350° C. for 
100 sec. The total emitter area was 160 µm2

. 

The surface roughness of the bare diamond substrate and 25 

the transferred NM were measured using atomic force 
microscopy (AFM). The surface roughness of the bare 
diamond substrate and the transferred Ge NM were about 
0.715 nm and 0.385 nm root mean square (RMS). The 
smooth surfaces of the NMs and diamond, which are similar 30 

to the polished wafer, enabled the creation of a high-quality 
bonding interface after transfer-printing. Furthermore, X-ray 
diffraction (XRD) and Raman spectroscopy were performed 
to evaluate the crystal quality of bare diamond substrate, as 
it was critical for their high-frequency and high-power 35 

operation in HBTs. The substrate clearly showed good sp3 
bonding at 1332 cm- 1

. Also, XRD confirmed a (4, 0, 0) 
crystal orientation with a full width at half maximum 
(FWHM) value of 0.018°, suggesting high crystallinity of 
the diamond substrate. The boron concentration was exam- 40 

ined by Hall measurements, which showed carrier concen
trations of -5xl 017 cm-3

. 

During a surface treatment process, the diamond substrate 
was firstly sintered at two different temperatures, 220° C. for 

14 
face wettability was enhanced, resulting in a reduced contact 
angle. The corresponding values of the contact angle before 
and after oxygen treatment were 0=65.7° and 17.7°, which 
confirmed the increased ratio of C-O bonding by the 
oxygen plasma treatment. Based on the diamond surface 
condition examination, the band alignments of the pnp 
Si/Ge/C HBT before contact are illustrated in FIG. 8, which 
adopts a positive electron affinity for diamond. 

FIGS. 9A and 9B show the typical I-V characteristics 
from the emitter-base (E-B) junction diode and base-collec
tor (C-B) junction diode, respectively. The E-B junction 
diode clearly showed good rectifying characteristics, with a 
107 times on/off ratio at ±3 V; and the C-B junction diode 
exhibited stable reverse current characteristics with a break-
down voltage greater than -17 V. Current-voltage measure
ments Cic-VEc) of the HBTs were carried out at room 
temperature to characterize the device performance. FIG. 9C 
shows the output characteristics of an HBT with an emitter 
mesa area of 4x40 µm2

. The HBTs functioned well up to 6 
V when applied to the collector without breakdown. In FIG. 
9D, the Gummel plot revealed that a maximum current gain 
(~max) of 49 appeared at V EB of 2.8 V and output current of 
-50 µA. The small output current can be further improved by 
optimizing the collector doping concentration and thickness, 
or by adopting a heavily doped p-type diamond underneath 
as a contact. The current gain as a function of the collector 
current density with varying V cB from O V to 2 V is shown 
in FIG. lOA. The peak current gain appeared at a collector 
current density of 25 A/cm2

. At a V cB of 2 V, the highest 
current gain measured was 150, which is related to the high 
bandgap offset between the base (Ge NM) and emitter (Si 
NM). As shown in FIG. lOA, the highest point of the 
derivative of the current gain was used as the bias points for 
the RF measurement. The HBTs were measured, and radio 
frequency (RF) characteristics showed unilateral power gain 
(U) and maximum stable gain (MSG)/maximum available 
gain (MAG) as a function of frequency at a bias point (IB) 
of 0.06 µA and V cB of -5 V (FIG. lOB)). The unilateral 
power gain at 40 GHz was measured to be 12 dB, and higher 
power gain values at the operation frequency can be 
obtained by optimizing the collector doping level, the base 
thickness, and the emitter finger width. Moreover, as shown 
in FIG. lOC, the extrapolated fmax and fr were 140 GHz and 
40 GHz, respectively, both of which exhibited the highest 

45 values at a collector current density of 11 A/cm2
. 4 min, and 450° C. for 1 min, by the rapid thermal processor, 

followed by an oxygen plasma treatment for 30 secs (50 
seem of 0 2 , 100 mtorr, 10 W) by the reactive ion etcher. 
X-ray photoelectron spectroscopy (XPS) spectra taken 
before and after the surface engineering process showed an 
oxygen peak that appeared at 534 eV and became much 50 

stronger after the oxygen plasma treatment. Also, it was 
shown by a peak-fitting to the deconvolute peaks, corre
sponding to diamond sp3 C-C and C-O, that the distinct 
increase in the carbon-oxygen bonding peak indicated the 
larger proportion of carbon-oxygen bonding formed on the 55 

diamond surface after it was treated by oxygen plasma. It 
was observed that the typical bulk diamond sp3 C----C 
emission shifted by 0.24 eV, which can be explained by the 
difference in band bending near the diamond surface, 
accompanied by the electron affinity variation. The existence 60 

of a C---0 peak before treatment indicated the diamond as 
received was not fully hydrogenated and contained a pro
portion of oxidized carbon. The oxygen bonding termination 
change was also confirmed by the contact angle measure
ments before and after the surface treatment. As the diamond 65 

surface termination changed from carbon-hydrogen domi
nant bonding to carbon-oxygen dominant bonding, the sur-

Methods 
Generic HBT Fabrication Process: 
Device fabrication began with a moderate boron doped 

p-type high-pressure and high-temperature (HPHT) dia
mond substrate ( 4 mmx4 mm), which served as the collector 
layer after completion of NM bonding. The diamond sub
strate was loaded in anALD system and a very thin (-0.5 nm 
thick) Al2 O3 layer was deposited on it. A p+/p- Si NM and 
n+Ge NM were created from a silicon-on-insulator (SOI) 
wafer and germanium-on-insulator (GeOI) wafer, which 
served as the emitter and base layers, respectively. For the 
base layer formation, the n+Ge NM was bonded on an 
Al2 O3 -coated diamond substrate and annealed via RTA, 
followed by the deposition of another very thin (-0.5 nm) 
Al2 O3 layer. The p+/p- Si NM for the emitter layer was then 
bonded to the structure for a finished p-n-p Si/Ge/diamond 
heterostructure. A Ti/Au stack emitter electrode was depos
ited and mesa-etched by a reactive ion etcher (RIE). A Ti/ Au 
stack base electrode was deposited and continued to be 
mesa-etched by RIE to the diamond layer. About 50 nm of 
the diamond layer was etched by oxygen plasma. An ohmic 
metal Ti/Pt/ Au was deposited on the diamond substrate and 
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annealed by RTA. All HBT devices were passivated with 
SiO2 by plasma-enhanced chemical vapor deposition 
(PECVD) and completed by interconnect deposition. 

Energy-dispersive X-ray (EDX) spectroscopy was per
formed to verify the existence of anA12 O3 ALD layer on the 5 

diamond substrate after 10 cycles of trimethylaluminium 
(TMA) and H2O steps, which is equivalent to a 0.5 nm thick 
Al2O3 layer on the diamond substrate. The EDX spectra 
taken from different spots, and the magnification on the 
diamond substrate, confirm that the 0.5 nm thickA12O3 ALD 10 

layer was uniformly deposited. 
Ohmic Contact to the Diamond Collector Layer: 
Forming an ohmic contact on diamond requires a high 

temperature annealing process. However, the ohmic anneal
ing process for the diamond collector layer in a diamond/ 15 

Ge/Si heterostructure is limited by the layer with the lowest 
thermal tolerance (Ge NM in this case). Therefore, it is not 
possible to perform a high temperature ohmic annealing 
process to achieve ohmic contact to diamond at a conven
tional annealing temperature range of 450° C.-600° C. To 20 

accommodate the NM thermal tolerance limit, an Al2 O3 

assisted Ti/Pt/Au ohmic metal stack was developed to effec
tively lower the required annealing temperature to form an 
ohmic metal by the insertion of an ultra-thinA12O3 layer. As 
shown in FIG. llA, the Ti/Pt/Au metal stack with a 1 nm 25 

Al2O3 ALD layer showed very good ohmic I-V character
istics (FIG. 11B) after annealing at 350° C. for 100 secs in 
N2 ambient, which is 100-200° C. lower than the annealing 
temperature required for the conventional diamond-metal 
contact. 

The word "illustrative" is used herein to mean serving as 
30 

an example, instance, or illustration. Any aspect or design 
described herein as "illustrative" is not necessarily to be 
construed as preferred or advantageous over other aspects or 
designs. Further, for the purposes of this disclosure and 35 

unless otherwise specified, "a" or "an" means "one or 
more." 

16 
semiconductor material, wherein the current tunneling 
layer comprises an inorganic material having a bandgap 
that is wider than the bandgaps of the diamond and 
single-crystalline n-type semiconductor material and 
further wherein the inorganic material is not a native 
oxide of the single-crystalline n-type semiconductor 
material. 

2. The diode of claim 1, wherein then-type semiconductor 
material is n-type GaAs. 

3. The diode of claim 2, wherein the inorganic material is 
aluminum oxide. 

4. The diode of claim 2 having a breakdown voltage of at 
least 1 kV at a temperature of 25° C. 

5. The diode of claim 1, wherein then-type semiconductor 
material is n-type Ge. 

6. The diode of claim 5, wherein the inorganic material is 
aluminum oxide. 

7. A heterojunction bipolar transistor comprising: 
a collector comprising a layer of p-type diamond having 

an upper surface with a positive electron affinity; 
a base comprising a layer of a single-crystalline n-type 

semiconductor material, the single-crystalline n-type 
semiconductor material having a different lattice con
stant than the diamond; 

a current tunneling layer disposed between and in contact 
with the upper surface of the layer of diamond and a 
lower surface of the layer of the single-crystalline 
n-type semiconductor material, wherein the current 
tunneling layer comprises an inorganic material having 
a bandgap that is wider than the bandgaps of the 
diamond and the single-crystalline n-type semiconduc
tor material and further wherein the inorganic material 
is not a native oxide of the single-crystalline n-type 
semiconductor material; and 

an emitter comprising a layer of a single-crystalline 
p-type semiconductor material. The foregoing description of illustrative embodiments of 

the invention has been presented for purposes of illustration 
and of description. It is not intended to be exhaustive or to 
limit the invention to the precise form disclosed, and modi
fications and variations are possible in light of the above 
teachings or may be acquired from practice of the invention. 
The embodiments were chosen and described in order to 

8. The transistor of claim 7, wherein the single-crystalline 
40 n-type semiconductor material is n-type GaAs and the 

single-crystalline p-type semiconductor material is p-type 
AlGaAs. 

explain the principles of the invention and as practical 45 

applications of the invention to enable one skilled in the art 

9. The transistor of claim 7, wherein the single-crystalline 
n-type semiconductor material is n-type InGaAs and the 
single-crystalline p-type semiconductor material is p-type 
InAlAs. 

to utilize the invention in various embodiments and with 
various modifications as suited to the particular use contem
plated. It is intended that the scope of the invention be 
defined by the claims appended hereto and their equivalents. 

10. The transistor of claim 7, wherein the single-crystal
line n-type semiconductor material is n-type Ge and the 
single-crystalline p-type semiconductor material is p-type 

50 Si. 
What is claimed is: 
1. A p-n diode comprising: 
a layer of p-type diamond having an upper surface with a 

positive electron affinity; 
a layer of a single-crystalline n-type semiconductor mate- 55 

rial, the single-crystalline semiconductor material hav
ing a different lattice constant than the diamond; and 

a current tunneling layer disposed between and in contact 
with the upper surface of the diamond and the lower 
surface of the layer of the single-crystalline n-type 

11. The transistor of claim 10, wherein the base-collector 
diode has a breakdown voltage of at least 15 Vat a tempera
ture of 25° C. 

12. The transistor of claim 7 further comprising a second 
current tunneling layer disposed between and in contact with 
an upper surface of the of the layer of the single-crystalline 
n-type semiconductor material and a lower surface of the 
layer of a single-crystalline p-type semiconductor material. 

* * * * * 


