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A GaN/AlGaN heterojunction bipolar transistor structure with Mg doping in the base and Si doping

in the emitter and collector regions was grown by metalorganic chemical vapor depositieaxn

Al,O;. Secondary ion mass spectrometry measurements showed no increase in the O concentration
(2-3x10%cm3) in the AIGaN emitter and fairly low levels of C{4—5x 10" cm™ ) throughout

the structure. Due to the nonohmic behavior of the base contact at room temperature, the current
gain of large areé&~ 90 um diametey devices was< 3. Increasing the device operating temperature

led to higher ionization fractions of the Mg acceptors in the base, and current gainsQofvere
obtained at 300°C. €1999 American Institute of Physids$S0003-695(99)02218-4

There is a strong interest in GaN-based electronics fograded emitter HBT structure, the measurement of typical
applications involving high temperature or high power op-background impuritiegC, O, H by secondary ion mass
eration, based on the excellent transport properties of thepectrometry(SIMS) (since these could potentially have a
lll-nitride materials system.’ Impressive advances in the strong influence on device performaicend finally on the
performance of AlGaN/GaN high electron mobility transis- dc characteristics of HBTs fabricated on this material.
tors continue to be reported, due in part to the formation of  The layer structure is shown schematically in Fig. 1, and
piezoelectrically induced carriers in a two-dimensional elecwas grown at~1050 °C following deposition of the GaN
tron gas at the heterointerfat@?® There is also interest in buffer at ~550°C on thec-plane ALO; substrate. The
the development of GaN/AlGaN heterojunction bipolar tran-growth system has been described in detail previotisbyt
sistors (HBTs) to meet the linearity requirements of some in brief is a quartz-walled rotating200 rpm disk MOCVD
future electromagnetic systems, particularly for military ap-reactor. Ammonia (Nk), trimethylgallium(TMGa) and tri-
plications where ultrawide bandwidth and linearity are keymethylaluminum(TMAI) were used as precursors, while si-
issues. In these vertical device structures, minority carrietane (SiH) and bis-cyclopentadienyl-magnesiur@ §,Mg)
lifetime 1’ interface quality and doping control are important were employed fon- and p-type doping, respectively. High
factors® purity H, was used as the carrier gas. Bghand n-type

There have been two recent reports on initial GaN/GaN was grown at 140 Torr while AlGaN was grown at 80
AlGaN HBTs¥®® |n one case, extrinsic base regions wereTorr. After growth the sample was annealed at 1050 °C for
grown by metalorganic chemical vapor deposition7—10 s under flowing Nto activate the Mg acceptofs.
(MOCVD) before base mesa etching to contact the collectorSeparate Hall-effect measurements on a A& p-GaN
This was performed to overcome the high base resistand@own at the same condition as that employed in the base
arising from the relatively low hole concentrati¢typically ~ region yielded a free hole concentration ok 70'’cm™° at
<10®¥cm™®) achievable in GaN(Mg).*® Devices with 3 300 K.
X 20um? emitters produced a dc current gain at 25°C of
~3. In the other report, the active layer structure was grown
by rf plasma-assisted molecular beam epité4BE) on top 500 nm GaN Si-doped (>5x10'>cm)
of a MOCVD buffer!® Large areg90 um diametey devices 20 nm AIGaN graded to GaN Si-doped (>10%%cm-)
were fabricated by a low damage dry etch process similar to
that developed for GaAs/AlGaAs HBTs. The dc gain at

80 nm AlGaN Si-doped (>10%cm and Al = 0.2)

25°C was in the range 1-3, but increasing the operation 20 nm GaN undoped
temperature to 300 °C produced a gain-of0 by increasing 220 nm GaN Mg-doped (5x10"7¢m?)
the ionization efficiency of the Mg acceptors in the base 400 nm GaN Si-doped (10'cm)
layer. 500 nm GaN Si-doped (>10Ycm™)
In this letter we report on the growth by MOCVD of a GaN Buffer Layer
3E|ectronic mail: spear@mse.ufl.edu FIG. 1. Schematic of GaN/AlGaN HBT structure.
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FIG. 2. SIMS profiles of Mg in the GaN/AlGaN structure. FIG. 3. SIMS profiles of Si, C, O and H in the GaN/AlGaN structure.

There are two important aspects to dopant and back- H*+HO—H,+h*,
ground impurity control in HBT structures. The first is that
the p-type dopant should be rapidly switched on and offor
around the base region, and not spill over into the adjacent
n-type AlGaN emitter, where it could cause displacement of ~H%+H%—H,.

the junction and hence the loss of the advantage of the het- ] ] ] ]
erostructure. Figure 2 shows SIMS profiles of the Al marker ~ These are in analogy with the behavior of hydrogen in

(solid circle, signifying the position of AlGaN emitter layer, otherp-type semiconductor®. The concentrations of oxygen

and also the Mg doping profileopen circle in the adjacent @nd carbon in GaN are a factor of 3-5 higher than that in
base layer. The so-called “memory effect” associated withcOmparable GaAs/AlGaAs HBTS.It remains to be estab-

the use ofCp,Mg? is illustrated by the appearance of a Ii_shed as to the relative contributions of_backgrou_nd_impuri-
spike-like feature in the Mg profile after th@p,Mg has ties and structural defects to degradation of gain in GaN/
been switched off. We note that growth rate for théiGaN ~ AlGaN HBTSs. _ _

emitter (~0.4um/h) is about three times less than that for A Gummel plot from a 9Qum diam device operated at
the p-GaN base € 1.2um/h), this would explain the ob- 300°Cis shovx_/n in Fig. 4. The maximum gain-slL0, simi-.
served enhancemeftr spiking of Mg incorporation during !ar to the previous repoff In general, we could not obtain
the initial base-emitter transition. It is clear that the reactolcOmmon-emitter characteristics, because the resistance of the
memory effect folC p,Mg has produced incorporation of Mg extrinsic base region is tqo hlgh.to achieve rnodylanon. The
in the emitter, although the real situation is not quite as sePerformance of the HBT is dominated by this high base re-
vere as it seems in the data because of “carry over” of theSiStance, and the resultant high specific contact resistivity of
matrix Al signal during the depth profiling. The fact that the ohmic metallization. At room temperature the alloyed
HBT characteristics can still be obtained on this material 700 °C, 30 $ Ni/Au is rectifying (Fig. 5. However, as the
means there is a net surplus of donor over acceptors, and th{R€asurement temperature is increasedtbentact becomes

not all of the Mg can be electrically active in the AlGaN. In °hmic, concomitant with the improved performance of the
addition, the Mg has a large ionization levdi70 mey?2  device. From separate transmission line measurements, we

and only a few percent will contribute holes in the base redetermined the specific contact resistivity to be in the
gion. 1072 Q cn? range at 300 °C.

The second aspect of impurity control is to minimize the
concentration of Qwhich probably creates a shallow donor 10° . . , ,
state in GaNZ® C (which may lead to compensated material
and H(which can passivate the Mg acceptors in the h&se
Figure 3 shows SIMS profiles for these elements, as well as
for the intentional Si doping. Note that the C concentration
throughout most of the structure is well below that of the Si,
suggesting it will have no significant effect on the electrical
properties of the material. The O concentration is also rela-
tively constant and at a density well below that of the Si. IB
Note that residual hydrogen still decorates the Mg doping in
the base, but since a reactivation anneal was performed, the 10°
hydrogen most likely is in the form of electrically inactive 0 2 4 6 8 10
molecules or larger clusters, through the reactions Voltage (V)

(Mg—H)°—Mg~+H",

1S

oy
=]
T
1

IcC

Current (A)

—
S,
T
!

FIG. 4. Gummel plot of GaN/AIGaN HBT measured at 300 °C.
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