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Direct imaging of the depletion region of an InP p – n junction under bias
using scanning voltage microscopy
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We directly image an InPp–n junction depletion region under both forward and reverse bias using
scanning voltage microscopy~SVM!, a scanning probe microscopy~SPM! technique. The SVM
results are compared to those obtained with scanning spreading resistance microscopy~SSRM!
measurements under zero bias on the same sample. The SVM and SSRM data are shown to agree
with the results of semiclassical calculations. The physical basis of the SVM measurement process
is also discussed, and we show that the measured voltage is determined by the changes in the
electrostatic potential and the carrier concentration at the SVM tip with and without the applied bias.
© 2002 American Institute of Physics.@DOI: 10.1063/1.1528277#
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Imaging the position and width ofp–n junction deple-
tion regions in semiconductor materials is of fundamen
importance to understanding device physics. Electron be
induced current~EBIC! techniques have been used for ma
years for this purpose.1,2 Recently, a variety of scannin
probe microscopy techniques have been developed3,4 that al-
low direct imaging of semiconductor structures, includi
p–n junctions, with nanometer spatial resolution. The te
niques include scanning spreading resistance microsc
~SSRM!5,6 and scanning capacitance microscopy,7 which
have been used for two-dimensional dopant profiling
semiconductor devices. The quantitative capabilities of th
techniques have been demonstrated on unbiased Si-b
structures8 and InP-based structures.9,10Scanning voltage mi-
croscopy~SVM!11 is a technique that delineates, in two d
mensions, the voltage on the cross section of semicondu
devices. It sheds light on the electrical characteristics of
devices under a variety of operating conditions, providin
direct view into the behavior of operating semiconductor
vices. It provides information that is not available with ele
tron beam techniques such as EBIC.

Trenkler and coworkers demonstrated the application
SVM, which they callednanopotentiometry, on Si-based
metal–oxide–semiconductor field-effect-transistor devi
and interpreted their results terms of the average of elec
and hole quasi-Fermi-levels.12 We also assume an unde
standing that the SVM measurement can rely on ne
equilibrium equations. We derive a relation for the measu
SVM signal that involves the single-particle electrostatic p
tential, used in the Schro¨dinger equation, and the local ca
rier concentration. This relationship gives physical insig
into the SVM measurement process, although it does
adequately account for many-body effects.13 It is therefore
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not quantitatively exact in the treatment of far-from
equilibrium regions of a device, such as the active region
a laser biased above lasing threshold. It is worth noting t
in 1952, Pearsonet al. reported voltage measurements with
tungsten probe on the cross section of a diffused german
p–n junction with approximately 2mm spatial resolution.14

In this letter, we report the application of SVM to InP
basedp–n junction: the foundational functional unit of elec
tronic and optoelectronic devices. We begin by report
SSRM results that delineate the buried transverse cross
tion of the p–n junction sample. We then report one
dimensional voltage profiles across the junction with hi
spatial resolution under different bias voltages. We direc
observe the variation of the depletion region on nanome
scale as the bias voltage increases. We compare our re
with semi-classicalp–n junction theory.

SVM was performed using a commercial atomic for
microscope~AFM! ~Digital Instruments, Dimension 3100!.
The local voltage was measured by an ultrahigh-impeda
voltmeter~Keithley 6517 A! connected to a conductive AFM
tip. Boron-doped diamond-coated cantilever tips~DDESP,
Digital Instruments! were used in contact mode on th
cleaved cross section of thep–n junction. The contact force
was set such that the tip mechanically penetrated the na
oxide layer at the sample surface to establish a good ele
cal contact. We obtained a spatial resolution on the orde
the radius of the AFM tip (;20 nm). Further details of ex
perimental setup are provided in Ref. 15. The SSRM m
surements were also performed on the same instrument
the same tips, by using appropriate SSRM applications m
ule.

The p–n junction sample grown by molecular beam e
itaxy consisted of two 500-nm-thick InP layers. The two la
ers were Be-~for p-type! and Si-doped~for n-type!, respec-
tively, both with the nominal doping concentration of
31018 cm23. A heavily p-doped 200 nm InGaAs layer wa
grown at the top surface of thep–n junction for better ohmic
contact. A simple cleave was taken to expose the cross

il,
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tion of the p–n junction. Colloidal silver paint was used t
provide electrical contact to thep andn sides of the sample
The sample bar was then mounted with the cleaved e
facing up in a metal clamp that provided electrical contac
the p andn side of the sample. The current–voltage char
teristics of the samples were measured before, during,
after the SVM experiment to confirm diode behavior. Sta
electrical device characteristics were obtained. AFM ima
of the sample surface, obtained simultaneously with
SSRM and SVM data, showed no perceptible topograp
features.

SSRM was first deployed to examine the cross sectio
the p–n junction structure. Figure 1 shows an SSRM ima
obtained on the freshly-cleaved facet of thep–n junction.
The n1 substrate is the band at the bottom. Topmost is
heavily p-doped InGaAs layer. Thep- andn-doped InP lay-
ers are clearly resolved in the SSRM image. The 0.37-n
thick GaP marker layers within then-doped InP layer, as
shown in the inset of the schematic structure of the sam
can be resolved in the image, attesting to the high spa
resolution of this technique. The cross-sectional SSRM re
tance curve overlaid on the image shows that the deple
width of the p–n junction is around 60 nm. The impact o
the GaP marker layers on the electrical characteristics of
p–n junction is expected to be negligible since they a
ultrathin and far enough away from the junction depleti
region. The SSRM resistance ofp-InP is higher than that o
n-InP because hole mobility is lower than electron mobili

SVM measurements were then performed on the cr
section of thep–n junction under forward and reverse bia
Figure 2 shows the SVM profiles across thep–n junction
under various bias voltages. As the applied voltage chan
from reverse to forward, the voltage drop of then-InP layer
~reference top-contact! increases correspondingly, and th
transition region fromp- to n-side shrinks, reflecting the
change of the depletion region~high-resistive! of the p–n
junction. The measured SVM results reveal the applied v
age falls essentially over the depletion region of thep–n
junction, as expected from the semiclassical theory.16

A voltmeter measures the difference in electrochem
potential between the two contact points on the sampl17

FIG. 1. An SSRM image of thep–n junction sample. The scan rate is 0.2
Hz and tip dc bias is 1.0 V. The ultrathin~0.37 nm! GaP mark layers, as
shown in the inset, are resolved in the image. The cross-sectional S
resistance curve overlaid on the image shows the depletion width of
p–n junction at equilibrium is approximately 60 nm.
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The electrochemical potential is a thermodynamic quant
and is not identical to the Fermi level commonly used
semiclassical description of semiconductor device phys
The measured voltageVmeasdin SVM is given by

Vmeasd5
me~x!2me~re f !

e
, ~1!

wheree is electron charge andme(x) and me(re f ) are the
electrochemical potentials of the tip contact point at an a
trary positionx and a reference point, respectively. At equ
librium the electrochemical potentialme remains constan
throughout thep–n junction and the voltmeter measure
zero voltage drop.

In the presence of an electrostatic field the electroche
cal potentialme(x) is given by18

me~x!5kT ln c~x!Vq1qf~x!, ~2!

wherec(x) is the carrier concentration atx, k is the Boltz-
mann constant, andT is the temperature.f(x) is the single
particle electrostatic potential andVq5(2p i2/m* kT)3/2/2 is
the quantum volume which is equal to the inverse of
density of states. Equation~2! is applicable at low-to-
moderate carrier concentrations (1018 cm23 or less! in semi-
conductor electronic and optoelectronic devices. Equa
~2! shows a higher carrier concentration corresponds t
higher chemical potential.

When a bias voltage is applied to the sample, Eq.~2!
should still hold, provided the deviation from equilibrium
not too large. We then obtain the measured voltage

Vmeasd5fb~x!2f0~x!2
kT

e
ln

cb~x!

c0~x!
, ~3!

where subscriptb is for nonzero applied bias~nonequilibri-
um!, and subscript0 is for zero applied bias~equilibrium!.
Thus, the measured voltage reflects the change of both e
trostatic potential and local carrier concentration upon
application of a bias. SincekT/e50.026 V at room tempera
ture is small, the second term in Eq.~3! will only be impor-
tant for large deviation in the carrier concentration from t
equilibrium value. In regions in which the carrier concentr

M
e

FIG. 2. Cross-sectional voltage drop across thenp–n junction under for-
ward and reverse biases. Voltage falls essentially within the depletion re
of thep–n junction. The voltage drop curves show that the depletion reg
shrinks as the applied voltage changes from reverse to forward bias.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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tion does not change significantly upon the application
external bias, then the concentration-dependent term ca
neglected, giving

Vmeasd5fb~x!2f0~x!. ~4!

In this case, the measured voltage is simply the differe
between the electrostatic potential under bias and the bui
electrostatic potential with zero bias. Equation~4! is ex-
pected to apply to majority carrier regions far from the jun
tion, where the carrier concentration does not change w
bias. We derived this equation from simple contact poten
arguments in a previous paper.15 A full theory of SVM would
require detailed understanding of carrier transport across
tip–sample surface contact.

We use the thermodynamically defined electrochem
potential instead of the Fermi level in deriving Eq.~3!, be-
cause the electrochemical difference is the macrosc
quantity actually measured by our voltmeter, while the Fe
level is only strictly defined at equilibrium.

The semiclassical model for thep–n junction predicts
the appearance of a depletion layer at thep–n junction and
allows the calculation of its width as a function of applie
bias. The width of the depletion region at equilibrium
given by19

W05F2« r«0kT

q2 lnS NaNd

ni
2 D S 1

Na
1

1

Nd
D G1/2

. ~5!

The relative permittivity« r of InP is 12.56; the doping con
centrations of thep–n junction treated herein areNa51.0
31018 cm23 and Nd51.031018 cm23; and for InP at 300
K, ni51.23108 cm23. The depletion region width of the
p–n junction at equilibrium is calculated to beW0

557 nm. This agrees well with our measured result of 60
from SSRM.

The model gives the depletion width (W) as a function
of applied bias (V),

W~V!5W0F12
V

Vbi
G1/2

, ~6!

whereW0 is defined as Eq.~5! andVbi is the built-in voltage
across thep–n junction. By taking the derivative of the volt
age curves in Fig. 2, one can obtain the transition width
which the voltage changes from zero to applied bias. T
measured transition width as a function of bias and ca
lated depletion width using Eq.~6! under forward and re-
verse biases are shown in Fig. 3. Excellent agreement is
tained between the experimental and the theoretical res
The measured accumulative voltage drops fromp to n sides
at each bias voltage are also shown in Fig. 3, and a lin
relationship is obtained, confirming that our SVM probe w
measuring the voltage difference between the SVM tip c
tact point and the reference point in the circuit.

Scanning voltage microscopy was used to profile
voltage distribution across the InPp–n junction structure
under forward and reverse biases. The variation of deple
width with the application of external bias was observed w
nanometer resolution. The voltage measured in SVM is
difference between the electrostatic potential under bias
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the built-in electrostatic potential at equilibrium, plus a ca
rier concentration dependent term that has to be taken
account if the carrier concentration changes significan
from its equilibrium state.
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FIG. 3. Measured~discrete diamond! and calculated~solid line! depletion
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accumulative voltage drop~discrete square! from p to n side agrees well
with the externally applied bias~solid line!.
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